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FOREWORD 

The U. S. Environmental  Protection Agency is charged by Congress with pro- 
tecting  the  Nation's  land, air, and water  resources. Under a  mandate of national 
environmental laws, the Agency strives to formulate and implement  actions  lead- 
ing to a  compatible  balance between human activities and the  ability of natural 
systems to support and nurture  ,life. To meet this mandate,  EPA's  research 
program is -providing data and technical  support  for  solving  environmental pro- 
blems today and building a science knowledge base  necessary to manage  our eco- 
logical  ,resources wisely,  understand how pollutants  affect  our  health, and pre- 
vent  or  reduce  environmental risks in the fnture. 

The  National Risk Management Research  Laboratory is the  Agency's  center  for 
investigation of technological and management  approaches  for  reducing  risks 
from th7rezts  to human health and the  environment.  The  focus of the Laboratory's 
research  program is on methods  for the prevention and control of pollution to air, 
land,  water, and subsurface  resources;  protection of water  quality in  public  water 
systems;  remediation of contaminated sites and groundwater; and prevention and 
control of indoor air pollution. The  goal of this  research  effort is to catalyze 
development and implementation of innovative, cost-  effective  environmental 
technologies; develop scientific and engineering  information needed by EPA to 
support  regulatory and policy  decisions; and provide  technical  support and infor- 
mation  transfer to ensure  effective  implementation of environmental  regulations 
and strategies. 

This  publication  has been  produced as  part of the Laboratory's  strategic long- 
term  research plan. It is published and made  available 'by EPA's Office of Re- 
search and Development  to assist the user community and to link  researchers 
with their  clients. 
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National Risk Management Research  Laboratory 
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Abstract 

Sulfur  dioxide (SO*) scrubbers  may  be  used  by  electricity  generating  units to meet  the 
requirements  of  Phase II of the  Acid  Rain SO2 Reduction Program. Adhtionally, the  use  of 
scrubbers-can  result in reduction of mercury  and  particulate  matter  emissions.  It is timely, 
therefore, to review  commercially  available  flue gas desulfurization  (FGD)-  technologies  that  have 
an established  record of performance. 

The  review of FGD  technologies  presented in this report  describes  these  technologies, 
assesses  their  applications,  and  characterizes  their  performance.  Additionally,  the  report  describes 
some of the  advances  that  have  occurred  in  FGD  technologies.  Finally,  the  report  presents  an 
analysis of  the  costs  associated  with  applications of limestone  forced  oxidation,  lime  spray  dryer, 
and  magnesium-enhanced lihe FGD  processes. The information  presented  in  this  paper  should  be 
useful  to  parties  evaluating  FGD I technology  applications. 
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CHAPTER 1 

INTRODUCTION 

Combustion of sulfur-containing  fuels,  such 
as coal  and oil, results  in  sulfur  dioxide (S02) 

formation. SO2 emissions  are known  to  cause 
detrimental  impacts on  human  health  and  the 
environment. The major  health  concerns 
associated  with  exposure to high 
concentrations of SO2 include  breathing 
difficulties,  respiratory  illness,  and 
aggravation of existing  cardiovascular 
disease. In addition to the  health  impacts, 
SO2 leads to acid  deposition  in  the 
environment. This deposition  causes 
acidification of lakes  and  streams  and  damage 
to tree foliage and  agrrcultural  crops. 
Furthermore,  acid  deposition  accelerates  the 
decay of buildings  and  monuments.  While 
airborne, SO2 and its.particulate matter 
derivatives  contribute  visibility  degradation. 

Electric  power  geneiating  units  account  for 
the  majority of SO2 emissions in the U.S. In 
1998, these  units  contributed 64 percent of 
the  national SO2 emissions.'  To  mitigate SO2 
emissions  from  electric  power  generating 
units, the  Acid Rain,SOz Reduction  Program2 
was  established  under Title JY of the  Clean 

. -  

Air  Act  Amendments of 1990 (CAAA). This 
two-phase  program  was  designed  to  reduce 
SO2 emissions  from  the  power  generating 
industry. 

Phase I of the  Acid  Rain SO2 Reduction 
Program  began  on  January 1,1995, and 
ended  December 31,1999. In 1997,423 
power  generating  units,  affected  under  Phase 
1, emitted 5.4 million  tons of SO2 (1.7 million 
'tons below the, allowable 7.1 million  tons of 
SO$? Thus,  the SO2 emissions in 1997 
reflect an outppf of 23 percent below the 
allowable  am$ufit. 

Phase II of the Acid Rain SO2  Reduction 
Program,  began  on J,anuary 1,2000. The 
nationwide  cap for SO2 will  be 9.48 ,million 
tons  from 2000 ,through 2009. In 2010, the 
cap  will  be  reduced  further to 8.95 million 
tons,  a  level  tipproximately  one-half of 
industry-wide  emissions in 1980. To meet 
the  requirements of this phase,  some  power 
generating  units  may  use  FGD  technologies. 
Additionally,  the  use of these  technologies 
can  result in the  reduction of fine  particle 
precursor  emissions  and  mercury  emissions 
from  combustipn  units.  It is timely,  therefore, 
to examine'ihe current status,of FGD  (or SO2 
scrubbing)  technologies. 

This report  presents  a  review of current  FGD 
technologies.  Following  the  introduction, 
,Chapter 2 presents  a  concise  review of 
commercially  available  FGD  technologies. 
Technology  applications on combustion  units 
in the  United  States  and  abroad  are  discussed 
in Chapter 3 .  The performance  and 
applicability of the  most  commonly  occurring 
types of FGD  technology  installations  is 
presented  in  Chapter 4. A  review  of  recently 
reported  technical  advances to FGD Ii 

technologies is provided  in  Chapter 5. 
Capital  and  operating  costs of UFO, LSD, I; 

I 

\! 

I 



and MEL are analyzed in Chapter 6.  
Additional  benefits  achieved  with  wet 
limestone  scrubbers  and  spray  dryers  are 
discussed  in  Chapter 7. References  reviewed 
and  utilized for the  production  of this  report 
are  given at the  end. 

It is expected  that  this  review  will  be  useful to 
a  broad  audience,'including: (1) individuals 
responsib1e;for  developing  and  implementing 
~02~~contr01 stiategies at sources, (2) persons 
involved  in  devkbping SO2 and other 
regdations, (3) ~Statk regulatory  authorities 
implementing SO2 cohtml  programs, and (4) 
interested  public  at  large.  Moreover,  persons 
efigdge in rese~chmicl -development  efforts 
aimed;  improqing  cost-effectiveness of 
FGD :tkchnology  ,may  also  benefit from' this 
rev&*. I 

, ,  
, '  

8 ,  
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CHAPTER 2 

FGD TECHNOLOGY 
_ ,  

Introduction 
Various technologies exist that  have  been 
designed to remove SO2 from flue gas 
produced by electricity generating plants. 
These technologies represent a varying 
degree of commercial readiness. Some can 
claim tens of thousand of hours of operational 
experience, while others have only recently 
been demonstrated at  commercial  plants. 
This report considers, only commercially 
available FGD technologies that  have an 
established record of reliable performance 
and sufficient quality and quantity of data to 
determine the cost, of their deployment. 

Commercially available FGD technologies 
can “conventionally” be classified as 
throwaway and regenerable, depending on 
how sorbent is treated after it has sorbed 
S02.4 In thrbwaway technologies, the SO:! is 
permanently bound by the sorbent, which 
must be disoosed of as a waste or utilized as a 
by-product (e.g., gypsum). , /  In’ rdgtnerable 
iechriologies, the SOi is released from the 
sorbent during the regeneration’ step and  may 
be further processed to yield s8ulfuric acid; 
elemental sulfur, or liquid SOz. The 
regenerated !sorbent is recycled in the SO2 
scrubbing step. Both throwaway and 

3 

regenerable technologies can be further 
classified as wet or dry. In wet  processes,  wet 
slurry waste or by-product  is  produced,  and 
flue,gas leaving the absorber is saturated  with 
moisture. In  dry  processes, dry waste 
material is produced  and flue gas leaving the 
absorber is not  saturated  with  moisture. 

Depending on  process  configuration  and  lbcal 
market conditions at the plant slte,throwaway 
wet FGD processes can produce  slurry  waste 
or salable by-product. This waste/by7product 
must be dewatered in some fashion prior  to 
disposal or sale (in case of a salable by- 
product). The “conventional”  classification 
of FGD processes is shown  in Figure 2-1. 

A review of FGD  technology  applications 
was conducted based on the information 
provided in‘ CoalPower3 Database, available 
from the International Energy Agency’s  Coal 
Research Centre in London, England. This 
database lists commercial FGD applications. 
The review reveals that  regenerable  FGD 
processes are  being  used only marginally, 
with  throwaway  FGD  processes  involved  in 
the vast  majority of applications. ’ Therefore, 
for this work, FGD technologies were 
grouped into them following three major 
categories: , , ,  

0 Wet FGD  (composed of throwaway wet 

0 Dry FGD (composed of throwaway  dry 

Regenerable ‘FGD (composed of wet  and 

FGD) 

FGD~ 

dry regenerable FGD) 

The above grouping of FGD technologies is 
consistent with other evaluations of  FGD,’ 
and  will be used  in the remaining chapters of 
this report. Accordingly, when  wet FGD is 
mentioned in the remainder of this report, it is 



, 
Figure'2-8. FGD ,technology tree. , #  

, , . .  . . ,  . ,  
, I  

meant as once-through  wet  FGD.  Similarly, 
when  dry  FGD 'is mentioned,,  it is meant  as 
once-thqough  dry  FGD.  Moreover, as 
regenerable',  technologies  are^ used only 
mrgindrly,th&r coverage in this  report is 
lipited., 

5 ,  . , 

, I  

. .  
wet FGQ' Technologies 
In wet EGD processis, flue gas  contacts 
alkaline: slurry 'in an' absorber.  The  absorber 
may  take  various forms (spray  tower or tray 
tower),  depending on the  manufacturer  and 
desired  process  ,configuration.  However,  the 
most  often-used  absorber  application is the 
counterflow  vertically  oriented  spray  tower. 
A diverse  group of wet  FGD  processes  have 
evolved fo take  advantage of particular 
properties of vari;dus sorbents andor by- 
products.  All  wet 'FGD processes  discussed 
here are +once-thropgh (Le., non-regenerable). 
A generalized  flow  diagram  of.  a  baseline wet 
FGD systeq is shown  in  Figure' 2-2, . 
SOt-contaiping flie gas is qontacted  with 
limestone s l u h  i4 an  .absorber.  Limestone 
slurry is preparkd.Cn two  consecutive  steps. 

First,  limestorie is crushed  into  a  fine powder 
with a  desired  particle size distribution.  This 
takes  place  in  a  crushing  station;  e.g.,  ball 
mill (fine  crushing  maximizes  the  dissolution 
rate of a  given  limestone).  Next,  this  fine 
powder is mixed  with  water  in  a  slurry 
preparation  tank.  Sorbent slurry from this 
tank is then  pumped into the  absorber 
reaction  tank. 

As mentioned  before, the absorber is most 
often  a  counterflow  tower  with  flue  gas 
flowing  upw.ards,  while  limestone sluny  is 
sprayed,downwaids  by an array of spray 
nozzles.  'In the absorber, SO2 is removed  by 
both  sorption  and  reaction  with  the slurry. 
Reactions  initiated  in the'absorber are 
completed  in  a  reaction thk ,  which  provides 
retention  time for finely  ground  limestone 
particles to dissolve and to react  with the 
dissolved $02. 
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The overall reactions in the absorber and in 
the reaction  tank  can  be summarized by: 

and, 

SO, + KO, +- CaCO, + 2H20 + 
CQSO~ 2H,O +- CO, (2 - 2) 

The complex chemistry summarized by the 
above equations involves SO~-CO~-HZO 
equilibrium relationships in the absorber, 
limeptone dissolution, and sulfite/sulfate 
crystallization (occurring mostly in the 
reaction tank)6. If the oxidation of sulfite to 
sulfdte is not controlled, the wet limestone 
system is operating under the so-called 
natukal oxidation. Depending on  SO2 
concentration and the excess air in the flue 
gas, jas well as on slurry pH, some systems 
may' be operated in the natural oxidation 
mode. However, for most applications, it  is 
beneficial  to control ,oxidation. 

The dissolution and crystallization reactions 
in the  reaction tank are, to a large extent, 
controlled by the pH of the liquid, which is a 
function of limestone stoichiometry (number 
of mols of Ca added per mol  of SO2 
removed). Both pH and limestone 
stoichiometry are preset parameters for  the 
operation of  an absorber. Normally, the 
required stoichiometry of a limestone wet 
FGD system varies from 1.01 to 1.1 moles of 
CaC03 per mole of S a  (1.01 to 1.05 for 
modern scrubbers) and pH is in the range 5.0 
to 6.0. A gradual decrease'in a preset 
operating value of pH indicates increased 
limestone consumption and triggers the fresh 
l i n  <tone feed. Spent sorbent from the 
rea,,ion  tank (slurry bleed) is dewatered and 

~~ ~~ ~ ~ 
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disposed of -in a waste sluny pond (ponding). 
The complexity of the dewatering process is 
determined 'by the chemical composition and 
crystal  habit of the spent sorbent, and 
whether the, end product is to,Be sut$ized or. 
discharged. For exbple,   Cas04 iseasier to 
dewater-than CaS03. 

Entrained slurry droplets that escaped &om 
the absorber's spray zone and  were canjed 
out by the flue gas are separated in an 
impaction-type mist eliminator. Mist I 
eliminator design parameters include style 
(chevrons,  mesh pads, baffles, etc.), blade 
number and spacing, and wash system ~ 

configuration. The mist eliminator plays  an 
important role in' prevedting corrosion df 
downstream equipment and ducts, as well as 
deposition of stack'effluent in the immediate 
vicinity of the plant. Mist eliminators dan be 
designed for either a vertical or horizonkal 
configuration. A horizontal configuratibn 
offers several advantages over a vertical 
configuration; e.g., better drainage. 
However, the drawbacks of horizontal  mist 
eliminators include increased flue gas ! 
pressure drop and more difficult maintenance. 

Wet FGD process variables  include: flue gas 
flow rate, liquid-to-gas ratio (UG), recycle 
slurry pH, flue gas SO;! concentration, and 
solids concentration and  retention  time. The 
effect of these variables on the operation of a 
wet FGD system is discussed below. 

Flue gas  velocity optimization considerations 
depend on the type of wet absorber used. 
Normally, the upper limit for flue gas 
velocity in a counterflow absorber depends 
on the capability of the mist eliminators to 
prevent droplet ~arryover.~ Droplet 
carryover, or droplets escaping from the unit 
eliminator, can increase duct corrosion 
downstream of the absorber. Some absorbers 
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have,a perforated tray added for the 
improvement of SO2 capture. In such cases, 
the optimum flue gas velocity is determined 
by the tray design. For this type of,absorber, 
excessive flue gas  velocity  will cause an 
absorber to "flood," whereas too low a 
velocity  will  prevent slurry holdup  on the 
tray. For a given scrubber, trays are designed 
for a maximum  gas yelocity, so as  not to 
flood. 

Another type of wet FGD absorber that could 
be  used for S02,control'is a packed absorber. 
Packed absorber utilizes a material  placed  in 
it to  provide a surface oyer which scrubbing 
solution  i's distributed. in this manner, 
gadliquid contact: surface area is generated. 
AS far as a mist ,eli'minat'or's ;operation is 
concemed, highler hue:gas vFlo,cities could be 
used, for a packed absorber without causing 
its failure and a subsequent droplet carryover. 
Packed absorbers qan be used on13 for clear 
solution  systems (systems wjtHl a scrubbing 
medium  being a solution rather than ],a8 slurry). 

L/G is usually expressed in terms of gallons 
of slurry per 1000 ft3 of flue gas  at  actual 
conditions leaving the absorber. The amount 
of surface system available for the reaction 
with SO1 is determined by L/G. For a 
counterflow spray absorber operated, at a 
given flue gas, flow rate, L/G approximates 
the surface areamof droplets and is one of the 
main  design variables available to obtain a 
desired SO2 removal  in the absorber. The 
amount of available alkalinity for the reaction 
with SO2 increases with the increasing UG. 
L/G also affects the oxidation rate of 
sulfite/bisulfite reaction products in the 
absorber by affecting th,e  absorption rate of 
0 2  from the flue gas. As will be!explained 
further in this report, oxidation rate affects 
the, potential for scaling absorber internals. 

Slurry pH also has a significant effect on SO2 
removal efficiency in a wet FGD system. In 
addition, pH is likely the single most 
important  control  variable for absorber 
operation. It,determines the amount of 
limestone  added  to the system. Within the 
operational  range, increasing the amount of 
limestone'added increases the amount of SO2 
removal. This is because of the increased 
concentration of soluble alkaline species  and 
,undissolved  reagent. This reagent isdhen 
available for dissolution', and renewal pf 
alkalinity in the liquid"phase., 

At constant operating conditions of a 
scrubber, increasing the, concentration of SO2 
(increasing sulfur coyten? ,of fuel) ,will 
decrease  SO;?  remo,va).~effl(i,ency  by a wet 
absorber. This decpaFed efficiency is 
observed  because indkasing , $ 0 2  

concentration  causes a morp, rapid depletion 
of liquid phaFe alkalinity causing the increase 
of liquid phase resistance, ~ 

Solids conceptrqtiDn and retention time affect 
the rel'iabiliti of yet bGD operation. Solids 
concentratio?  in^ the slurry is typically 
maintained,,at lp~to 15; percent,solids by 
weight. It isl!cq$trolled  by removing a part of 
the slurry from, (he  rqqction  tank for 
subsequent +wateriqg. Proper solids 
concentration id, the Slbny is necessary to  
ensure scale$ree operatiin, of the absorber. 
Correct  soli,ds rqtentilpp t ibe in the reaction 
tank is esse?~iai',~tg,actiiev~qg high  utilization 
of  limestonqli,anf maidtaiqing correct handling 
and dewater$-g  proptp-tiev  of solids. Typical 
solids retentj;on,,,bime'for yet  FGD is 12 to 14 
hours.' 1: 

, ' ,  

, I  

Limestone Forced Oxidation 
As described above,  wet FGD can  be 
operated reliably in a natural oxidation mode 
under  certain favorable conditions. However, 
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,for the.majonty of applications, it is 
lpecessary to control the extent of oxidation  in 
order to improve  operational  reliability of the 
system. Over the years,  several  process 
variations 'have been  designed tojmprove the 
operat'  ional  reliability  of wef,FGD 
technology.'  Cansequenzly,  the limestone 

I ' forced bxidution,procei$ (LSFO) has become 
the preferred  FGD  technology,  'worldwide. 

First-generation wet  limestone? FGD  systems 
w&e plagued 'with scalidg problems,  resulting 
from  oxidation $,bf tee reaction qroducts to 
calcium  sulfatF  (gypsum)  that  would  deposit 
throoghout  the  absorberj[:&sj &ninator, and 
pipirig. ' G D S ~ ~ ,  sc'ali; t#picajly forms via 
natural  oxIdation wben'ibp, fiaction of 
calcium s<!:$&ih tk&lii$&y l(siurry oxidation 
level) is "g&at&$hai$@  'pprcent. Initially, 
gypspm s<alirji,lwa$ '1' cbh@ated by installation 
of extra capa&jl 1 :#:# 

One  way to prevent  the  scali,ng  problem is to 
blow  air into the  absorbent  slurry to 
encourage, coqp-olled'oxidatiqn outside of the 
absorber. 'This t'jpe'of FGDlaystern, 
limestone foqceltl oxidation, gtovides rapid 
calcium sulfate krystal  grow&  on  seed 
crystals.  &S3bkhinimizest scaling in  the 
scrubber and  dlso re'sultsh slurry that  can  be 
more  easilBy.'deGat@red.'. ,Consequently, the 
LSFO system ,has become  tlib'preferred 
technolog9  worldwide.  The;  most  often  used 
confiiguration"k3 [for'th'e air'to be blown into 
the ieactian :tahk (in-$tu oxidation). 
Altehativ@ly,  8ai~r-cantbe blown into an 
additional  lholi$ Yank (<x-s,itu' bxidation). 
LSFQ' requires cornpressors/'blowers and 
additional pipilng, compared to a  system 
without forced oxidation. 

The prime berieht of scale control derived 
from forced oxidation is greater scrubber 
absorber availability. AS a result, the need 
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for redundant  capacity is greatly  reduced. 
The added  benefits  are  the  formation of a 
stable  product,  a  salable by-productfwhich 
eliminates  the  need for landfilling),  and 
smaller  dewatering  equipment.  Nearly 
complete (99'percent plus)  oxidation is 
required for,, a  commercial  quality  by-product. 

This level of oxidation  can  be  accomplished 
in  a  modern  wet  FGD  system.  However,  the 
salability of the wet FGD  by-product  (FGD 
gypsum) is also a  ,fun&ion 'df ,the demand for 
gypsum.  Depending,  site-specific 
conditions, LSF08may:produce a salable  by- 
product  in  the form'of corqmercial  grade 
gypsum that'cmld I$ used for wallboard 
manufacturing. .Whpn, salable g&um is not 
attainable, dry FCX? hastpiiis pilqd  (g$pum 
stacking) or I$ndfilled!:i ,l,G.jpum istad@ng is 
the proceaure  whefi$ia'%y@um s1urry;js sent 
to the  stacking ,area$ alibwkb to have the 
solids to separate fro& .the;: water, t$d hen  
removing lthe'wattnl!,;and' leapingthe splids as 
a  pile. 

The solids  handling  system for U F O  consists 
of primary  and  secondary  dewatering,  solids 
modification  unit,  and  ultimate  waste 
disposal, regardless1 whether  a  part or all  of 
the.by-product will  be  sold as commercial 
quality  gypsum. The objective of primary 
dewatering is to inckease  the  solids 
concentration of spegt  limestone  slurry  from 
the  rkaction  tank  discharge  conditions (10 to 
15 percent by weight) to: between 30 and 50 
percent by weight. , Primary  ldewatering is 
accomplished by h)droc)ones.  The  process 
water  recovered  during  pri&afy  dewatering is 
recirculated to the  absorber.  Soli(ls 
dischai-ged from'the  ,prihary dewatering  unit 
are  directed to the  underflow Storage  tank. 

The objective of secondary  dewatering is to 
reduce  the  moisture  content  (increase solids 
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content)  beyond  the  setpoint of primary 
dewatering. The solids  content of the 
material  leaving this stage  will  be 45 to 90 
percent.  This  relatively  wide  range of solids 
concentration in the product of secondary 
dewatering  is a result of different  disposal 
methods for the  product. For an LSFO 
absorber  aimed  at  commercial  gypsum 
production,  solids  concentration  in  the 
product  will  be 'in the"high end of the  range. 
However, for an absorber 0perated"as LSFO, 
but  'without  product  'secoveryj$he solids 
concentration  will  be  at  the  low  end, of the 
range. 

The types of equipment  most  often  used for 
secondary  dewatering  are belt, and/or  drum 
vacuum filters and  centrifuges. The selection 
of the  equipment  depends on the  quality of 
product  desired. If commercial  quality 
gypsum is desired,  then  belt  vacuum filters 
may be selected  over  drbm  filters  because of 
their ability to provide  superior cake washing 
capabilities  (important to achieve  gypsum 
specifications).  The  process  water  recovered 
during  secondary  dewatering  is  recirculated 
to the absorber. 

Solids discharged  from  the  secondary 
,dewatering  unit are directed!  either to the 
modification unit of solids  hafidling or to the 
temporary  storage  system.  During  the 
modification,  solids are stabili,zed or fixated 
to improve their strength  bearing,  landfill, 
and  leachate  characteristics. This is most 
often  accomplished by mixing  dewatered 
solids *ith fly ash  and  lime in a ,pug  mill to 
promote  the  pozzolanic  reaction.  Pozzolanic 
reaction  occurs  when  lime  and silica react  in 
the  presence of water to form  hydrated 
calcium  silicates.  The  degree  lof solids 
modification is dependent on the final use for 
the solids (e.g.,  road-base,  concrete 
aggregate, or structural  fill).  By-product 

, .  
. .  

solids  can  be  used  as a road-base,  concrete 
aggregate,  or  structural  fill.  These 
applications  utilize  improved  properties of 
FGD  by-product  mixed  with fly ash: 
increased  unconfined,  strength  and  decreased 
permeability.  These  improved  properties  are 
the  result of pozzolanic  reaction.  Sometimes, 
when  commercial  quality  gypsum is 'made, 
pelletization is employed.  The  selection of 
the  ultimate  disposal  method  is  ,highly site- 
specific  and  depends  on,  among  other  factors, 
land-  availability,  ,hydrogeology,  and 
topography. In general,  three  options  exist 
for the  'ultimate,  disposal of waste  FGD  solids: 
landfills, ponds;,and'gypsum stacks. 

In addtion to technical  issues,  several  market 
issues are involvGdin' the decision of 
wallboard  manufacturexs to use  FGD 
gypsum.  These  market  issues y e  presented 
below.  Norrqally,  the  use of the  quantity of 
FGD  gypsum  produced ,by a representative 
LSFO  (hundreds !of thousands of tons  per 
year)  would  be  possible  only if :a dedicated 
wallboard  plant was: built  for  this  feed  source, 
or  was  shared  byrseveral  existing  wallboard 
plants.* The proiimhy of the ivaJ1boa.t-d plant 
to the FGD  by-product  plant  is  important 
because  the  transportation  cost of FGD 
gypsum to the qallboai-d plant  can  be a 
significant  percedtage of' its market  value. 
Since most existing #&allboard  plants  in  the 
United States were  Idegigned to use  mined 
rock  gypsum as feeki material,  'the  solids 
handling  equipmen!  at these  plants can  use 
only a limited  quantity of  FGD  gypsum, 
which  has different handling  properties. 

Another  potential  obstacle to the 
marketability of FGD gypsum is the fact that 
the  operating  schedule of a power  plant  and 
that of a wallboard  plant  often  do  not 
coincide.  Wallboard  plants  generally  have 
storage  capacity to b u f k  the  flow of gypsum 
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in  and  out of the  plant.  Unlike  power  plants, 
wallboard  plants  do  not  operate 24 hours  per 
day  and 7 days a week.  Similarly,  power 
plants do  not  operate  year  round,  whereas 
wallboard  plants ,do.7 

Limestone Inhibited Oxidation 
Alvariation of the  wet  limestone  process is 
the limestone  inhibited  oxidation process 
(LSIO), This process  has  been  designed to 
control  oxidation  in  the  absorber. The LSIO 
is particularly  well  ,suited for applications 
with  high' sulfur cbals. Because of LSIO 
chemistry,  the difficulty;;in .inliibiting  the 
oxidation  generally 'increases with  the 
decreasing  amount of sulfur content  in coal? 

Several factors influence,  the  performance of 
LSIO. Flue gas  cdmposition,  most  notably 
oxygen concentration,, affects the  extent of 
sulfite oxidation to sulfate. Other flue gas 
factors affecting'LSI0, are: SO2 
concentration, fly sash coqtent jn  the  inlet  gas 
to ;the scrubber,  an@ flue gas  temperature  and 
humidity.  Changing  mass  transfer 
characteristics of,the system  (the ratio of SO2 
/ 0 2  absorbed,)  caq  blter the extent of natural 
oxidation and, therefore,,,determine how 
difficult it  will  be to inhibit the oxidation. 
The change in  mass transfer characteristics of 
the system  can  result from adjusting  the LIG. 
Chemical characte,ristics:of the system, such 
as pH and  liquid-phase composition, can  also 
alter, the  diffi,cultjr.!of  oxitlation  inhibition. 

In the LSIQ,  emylsified  sodium  thiosulfate 
(Na2S203) is added to ,the limestone  slurry 
feed to prevent  the  oxidation to gypsum  in  the 
absorber's  internals by lowering  the  slurry 
oxidation ratio to below 15 percent." 
Typically, a design  oxidation ratio of between 
4 and 10 percent is used in LSIO. The 
amount of additive  necessary to inhibit 
oxidation  depends' on the  chemistry  and 

operating conditions, of a given  absorber  and 
is, therefore, site specific. 

Because of economic  considerations,  sulfur  is 
often  added to th?  1irnestone.slurry  in  lieu  of 
thiosulfate. Sulfur i s  added  directly to the 
limestone  reagent  tank.  However,  conversion 
to thiosulfate  occurs  in  the  reaction  tank when 
sulfur contacts sulfite. The overall , 
conversion of, sulfur, to thiosulfate  is  between 
50 ,and 75 percent: The amount of thiosulfate 
(or sulfur) requi$ed to achiewinhibited 
oxidatibn is' ,a function of l,system  chemistry 
and  operating  conditions. 

An additional  benefit of using  LSIO  may  be 
an increased  limestone  solubility,  which 
enhances sorbent  utilization. The waste 
product,  calcium sulfite,'is landfilled.  The 
dewatering  characteristics of the  waste  are 
improved for LSIO compared to the  waste 
from  natural  oxidation operation.of a wet 
FGD absorber.  This is because  the  calcium 
sulfite  product from. the.  LSIO  tends to form 
larger crystals, similar  to  gypsum solids. 

Lime and Magnesium-Lime 
The lime process uses  hydrated  calcitic  lime 
slurry in1 a countercurrent  spray  tower.  This 
slurry is ,more reactive  than  limestone  slurry, 
but is more  expensive. The magnesium- 
enhanced  lime process (MEL)  is a variation 
of the l ive process, in  that it uses a special 
type of lime,:  magnesium-enhanced lime 
(typicallb,5 - 8 percent  magnesium oxide) or 
dolomitic lime (typically 20 percent 
magnesium oxide),' The operational pH 
value for lime processes is normally in the 
range 6.0 to 7.0'because of their  increased 
alkalinity and  solubility,  compared to 
limestone' processes. Tbe lime  process  may 
be designed to utilize  the  alkalinity of fly ash 
in additiion to the alkalinity of a sorbent. 
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'Lime used  in  the MEL contains  magnesium 
' ' in  addition to its calcitic  component. 'Because 

of the  greater  solubility of magnesium  salts 
compared to calcitic  sorbents,  the  scrubbing 
,liquor is.  Significantly  more  alkaline. 
Therefore, MEL is able to achieve  high SO2 
'removal efficiencies in' significantly  smaller 
absorber  towers  than  the  limestone  scrubbers. 
Additi,onally, MEL allows for a  significant 
decrease af IJG, compared to U F O  for a 
given  target  SO^ removal.'2 

Because  waste  solids  from MEL have  poorer 
dewatering  characteristics  than solids from 
calcitic  limestone  slurry  processes, the best 
dewatering  operation of MEL occurs  when 
low solids  concentration is maintained  along 
with  modFrate-to-low  sulfite  oxidation 
 level^.'^ Forced  oxidation,  external to the 
absorber,  can  be  used in:MEL to improve  the 
quality of'their solids.  This results,,in the 
proiuctiop of commtxcial  quality:  gypsum? 
Coherc ia l  grade  gypsum  ,produced from 
,MEL is, 1. fact,, brighter !ban gypsum 
'producedlby a',conyentjopal UFO: Brighter 
gyps,um,  potentially,  has a higher  commercial 
value.14 , , ,  

Seawater Process 
The scawater  process  utilizes  the  natural 
allfalinity of seawater to neutralize S02. The 
chemistry of the process is similar to the 
UP0 chemistry  except  that  the  limestone 
comes  completely  dissolved  with  the 
seawater  and  that the chemistry  does  not 
invo1;ire any'dissolution or precipitation of 
soiidi Seakater is  available  in  large  amounts 
at the  power  plant & cooling  medium.  in  the 
condensers. It is used as  a  sorbent 
'downstrev of the  condensers for the  purpose 
of FGD. seawater is alkaline by nature,  and 
has  a~ large nputralizing  capacity  with  respect 
to s02. 

The  absorption of  SO2 takes  place  in an 
absorber,  where  seawater  and flue gas  are 
brought  into  close  contact  in  a  counter- 
current  flow. The scrubber  effluent  flows  to 
the  treatment  plant  where  it  is  air-sparged  to 
oxidize  absorbed SO2 into sulfate  before 
di~charge.'~ The sulfate is completely 
dissolved  in  seawater, so 'as a  result  there  is 
no  waste  product to dispose of. Sulfate  is  a 
natural  ingredient  in  seawater,  and  typically 
there is only  a  slight increaie 'of  sulfate"  in  the 
discharge. This increase is within  variations 
naturally  occurring  in seavater. The 
difference  from  the backgound level 
normally is not  detectable'witbin  even  a  short 
distsince  from the paint of ' ,  dischafge. 1 ,  1 

Since  the  utilization of seawater for SO2 
scrubbing  intrQduces  a dischkge t? the  ocean, 
it,is necessafj to &akedn ,issessm+nt based 
on  local  conditions: " Typically, thq 
assessment  inclu&s::,:effl&nt,  dilution  and 
dispersion cdcul&his, !de'sdription  of 
effluent, compa~$ori . ( ,  'dfeffluent , 8 8 ,  , , ,, I ' ki&a with 
local quality.ci;it~~a,,l~~slci.jption d t  local 
marine  environment,  and  evaluakion  of 
possible  effects from the  discharg?.  High 
chloride concentiations,"character(dtic of 
systems  using~sseadater, + i l t  in a ~ 

requirement  :fotl'+i&t$r$pn &&dals with 
increased cor&s?~h~reLeSlst~ce. 1 

'41. 111; I! ;: ' 116 ~ 

, , ,, , , I I  

I '  

,,, , 
, ' # ' I  ' ~ 

Dry FGD Technologies 
In these  technologies,  SO2-containing  flue 
gas  cQntacts Gkdine (most  often  lime) 
sorbent. As a result, dry waste  is  produced 
with  handling  properties  similar to fly ash. 
The  sorbent  can  be  delivered to flue gas in  an 
aqueous  slurry foqn [lime spray  drying 
process (LSD)] or , a s  ; a dry powder- [duct 
sorbent  injection process @SI), furnace 
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sorbent  ipjection  process (FSI), and 
circulating  fluidized  bed process (CnS)]. 
'The LSD and  the CFB require  dedicated 
absorber  vessels for sorbent  to  react with 
S02, while  in DSI and FSI new  hardware 

" requirements  are,  limited  to  sorbent  delivery 
equipment.  In  dry  processes,  sorbent 
recirculation  may  be  used  to  increase its 

' btilization. A!!.% FGD processes  discussed 

" and,,  in  general, limited,to'S& removals 
' pqlow those  attainable.  with  wet ,price-through 

; ' here ,, ,&e once-through  (Le.,,  non-regenerable) 

FGD. , .  , .  

Lime Spray D&ng 

for sourcek  that &rn low-  to  medium-sulfur 
coal,  with  ,occasional  applications for coals 
w i h ~  higher  'sulfur  content..  Some  issues  that 
limit  &e use, of sphylilryers; with  high-sulfur 
coals include  '&e  potential  impact of chloride 
contained , i i n  . I I j  1 ', the I ,  ,coal 'bn the  ;spray  dryer, 
pe~om~ce,~ranih:'Lhe'~bili;y of the existing 
p+&at+&&Foi de$ l ~ c e  to handle  the 
increased' 1oacJing I, . ,  bb achieye the required 
efi&&y. ,,, $, , ' 

The I.$D is , shown m , ,  . I schematically  in  Figure 2- 
3.' hcit;hGe ,gas e x e i  in a  spray  dryer  vessel 
with a : @ i s t  $f finely  atomized  fresh  lime 
slurry. .")?res< lime' slurry is .prepared  in  a 
slaker Cmoktkiften ' a  ball All) at  a  nominal 
concentration of solids. Rotary atomizers or 
two-fluid  nozzles are used to finely  disperse 
lime  slurry into flue gas. Typically,  spray 
dryers are'operated at  lime'stoichiometry of 
0.9~ for-bw sulfur\qoals and 6.3 to 1.5 for high 
sulfur  coals.  .Sipuitarjeouk,,heat  and  mass 
transfex$~tween~~alkafi  in a finely dispersed 
lime sltiky and '50;~ fzom  the  gas  phase  result 

processllyast=. i ~ ~ k  amdunr'of  water  fed into 
the spray dryp- , is  &refull~kontroIled  to 
avoid dmpkte  ,siitpration'bf the flue gas. 

' ' LSD for,themcontrol;of SO; emissions is used 

8 '  L , I ,,, 1;; !,, 

I I ,  

, .  I ,  ~ 

1 in a seriksIof 'reactions  and  a  drying of 

I 

C 

. I  

While  a  close  approach to adiabatic  saturation 
(from 10 to 15, "C for,coal-derived  flue  gas) is 
required to achieve  high SO2 removal, 
complete  saturation  impairs  operation. of a 
spray  dryer  because  %of  wet  solids  adhering to 
vessel  walls  and  within  the  particulate 

' collector., , Primary  reactions in the  spray 
dryer  are as follows: 

Ca(OH)2 + SO2 ,* CaSO, x H,O +,::x Hi0 (2 - 3) 
' ,  

I .  

. Ca(OH)2 + SO3 + H,O + CaSO, 2H20 (2 - 4) 

CaSO, +goz + CaSo, , .  (2- 5) 

Some of the dry reaction  product  solids are 
collected  at  the  bottom of the  spray  dryer. 
The,  remaining  solids,  suspended  in  the  flue 
gas,  travel to the  particulate  control  device 
where the sepalation  occurs. For a  process 
configuration  where  the  particulate  control 
device is a  baghouse,  a  significant  additional 
SO2 removal  may  occur  in  the  filter  cake  on 
the  surfaee of bags. Dry solids  from  the 
particulate  control  device%  hopper  and  from 
the  bottom  of the spray  dryer are disposed of. 

The extent of alkali  usage  in  a  spray  dryer is 
limited  by its available'  residence  time for a 
gas-solid  reaction.  Typical'residence  time  in 
a,  spray  dryer is 8 to 12 secdnds. In order to 
increase  sorbent  utilization,  part of the dry 
solids  from the bottom of the spray  dryer  and 
the  particulate  collector's  hbpper ark sent  to 
the  recycle solids slurry tank: The 
recirculated  stream  (shown  with  a  broken  line 
in Figure 2-3) contains pytially reacted  alkali 
from  previous  passes through: the system. 
The,additional exposure of a sorbent  to SO2 
afforded by the  recycle prohotes,fncreased 
sorbent  utilization. 

12 
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Mass transfer during a spray  drying  prohess 
occurs  in  two  discrete  phases:  moist  and 
dry.17 During the  moist  phase, SO2 diffuses 
from  the  bulk  gas to the  moisture  layer on the 
surface of lime particles  and  reacts  with 
disso1,ved lime. The reaction  product 
precipitates on. the surface of the  lime ' ' 

particle. During the dry phase, SO2 diffuses 
through  the  products of the  lime  and SO;! 
reaction  and!: causes a gas-solid  reaction,  with 
the  unreacted core of lime , ,  particle. 

Studies indicated that a majority of SO2 
capture  in the spray  dryer  occurs  during  the 
moist phase. Any  increase  in  the  durati,on of 
the moist  phase  would  therefore  increase  the 
amount of captured SOZ. Deliquescent  kalt 
additives  sometimes 'he added to the  lime 
slurry to' be  atomized  in a spray  dryer to 
achieve this effect. A similar  effect is 
achieved  when  sprayldryers  are  used on coals 
with  elevatekl chloride content. 

Duct Sorbent Injection 
DSI for SO2 emission  control  is  intended to 
enable the  control  directly  in  the flue gas  duct 
between the,, air preheater  and  the  particulate 
control  device. , Since no dedicated  absorber 
vessel is required,  the  amount of hardware 
needed to control SO2 is minimized for DSI. 

DSI utilizes  the contacting of finely  dispersed 
sorbent with the flue gas.  Sorbent  used in 
DSI is typically hydrated  lime or, I 

occasionally, sodium  bicarbonate." In the 
DSI shown schematically in  Figure 2-4, 
dry  hydrated lime sorbent is injected into 
the flue gas  downstream of the boiler's-air 
preheater. Water may  be  injected  separately 
from  the soibent either downstream or 
upstream  of^ the dry sorbent injection  point to 
humidify tht flue gas. The relative  pogition 
of dry sorbent and water injection is 
optimized t6 maximally promote the  so-called 

1 

1 ' .  
. .  

droplet  scavenging or impacts between 
sorbent  particles  and  water  droplets,  both 
suspended  in  the flue gas.  Fly ash, reaction 
products,  and  any  unreacted  sorbent  are 
collected  in  the  particulate  control  device. 
Additionally,  recycling solids from' the 
particulate  control  device  can  boost  the 
utilization of alkaline material. 

A variation of DSI is duct  spray  drying 
process,  in  which  slurry is atomized  and, 
subsequently,  evaporated  in the duct. 

Furnace Sorbent Injection 
In ,Jhe  FSI, a dry  sorbent is injected  directly 
into the furnace in the o timum  temperature 
region  above  the flame! FSI is shown 
schematically  in Figure 2-5. As a result of 
the  high  temperature  (approximately 1000 
"C), sorbent  particles  (most  often  calcium 
hydroxide,  but  sometimes  calcium  carbonate) 
decompose  and  become  porous  solids  with 
high  surface systems:* according to the 
reaction  below: 

Ca(OH), + CaO + H 2 0  (2 - 6) 

SO2 in  the flue gas  reacts  with  the  nascent 
CaO  as  given  below: 

CaO + SO, + go2 + CaSO, (2 - 7) 

Calcium  sulfate,  and  any  remaining  unreacted 
sorbent,  leave  the furnace with  the flue gas. 
In' some  systems, the flue gas is humidified 
downstream of the air preheater or a 
humidifier  vessel is installed to improve 
reagent utilization. Ex-situ spent  sorbent 
reactivation  (wetting) is also used 
occasionally  as an integral  part of the  FSI. 
Sorbent  reactivated ex-situ .is then  injected 
downstream of ttie air preheater. Such a 
configuratign  should  probably be considered 
as a furnace/duct injection  hybrid. 
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Circulating Fluidized  Bed 
In CFB, dry sorbent [most often Ca(OH)2] is 
contacted with a humidified flue gas in a 
circulating,fluidized bed.  CFB is shown 
schematically in Figure 2-6. The fluidized 
bed is formed as a result of flue gas flowing 
upward  through a bed of sorbent solids. The 
CFB provides a long contact time between 
the sorbent an’d flue gas because sorbent 
passes through the bed several times. The 
flue gas laden with reaction products then 
flows  to a particulate control device. Some of 
the particulate control device’s catch is 
recirculated into the  bed to increase the 
utilization of sorbent, while the remaining 
fraction is sent to disposal. 

The CFB is characterized by good SO2 mass 
transfer conditions from the gas to the solid 
phase. This is achieved as a result of intimate 
mixing of the solids with the gas as well as a 
high slip velocity between the two phases. 
An additional benefit of the fluidized bed is 
continuous abrasion of sorbent particles, 
resulting in the exposure of fresh, unreacted 
alkali.22 

The CFB is not  widely  used  in the United 
States, and the bulk of its operating 
experience comes from Germany for units 
ranging from 50 to 250 This process 
uses hydrated lime rather than the less 
expensive and less reactive limestone 
commonly used in wet FGD technology 
processes. Additionally, due to a higher 
particulate matter concentration downstream 
of the-fluidized bed, a larger ESP (or an 
additional precollectdr) may be needed to 
maintain the required particulate emission 
levels compared with a non-circulating 
sorbent. 

Regenerable FGD Technologies 
Regenerable FGD technologies discussed in 
this section include four wet regenerable 
processes (sodium sulfite, magnesium oxide, 
sodium carbonate, and amine) and one dry 
regenerable process (activated carbon). 
These processes are characterized by  their 
product, a concentrated stream of S02. As 
will  be discussed in  the following section, 
regenerable FGD technology finds only 
marginal application in the United States and 
throughout the world. These processes have 
a comparatively high O&M cost relative to 
other FGD processes, and the return  f?om sale 
of the product does not offset a significant 
portion of the increased, process cost. ;Product 
marketability may be a major problem‘.24 As 
a result, some of the existipg regenerable 
FGD-technology-equipped units have ,been 
converted to advanc,ed limestone wet FGD.25 

Wet Regenerable FGD 
Sodium Sulfite 
The sodium sulfite, or Wellman-Lord 
process, absorbs SO2  in a wet scrubber where 
pretreated flue gas is contacted with sodium 
sulfite soluti,on. The product of the repction 
is sodium bisulfite liquor heavily loaded with 
S02. .The liquor is subsequently regeaerated 
in evaporators that crystallize sodium /sulfite. 
Concentrated SO2 is suitable for sulfuf-ic acid 
production. ’ 

Magnesium Oxide , 
In  the magnesium oxide process, SO2  iis 
removed in a wet scrubber. In this process, 
hydrogen  ch.loride  and  hydrogen fluohde are 
removed in a prescrubber. The magnfsium 
sulfite/sulfate product results from So2 
absorption in a scrubber. The absorb4d 
product is dried and calcined in a kiln1 to 
regenerate magnesium oxide. SO2 cadtured 
during calcination is suitable for sulfdric acid 
production. 

, 
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Sodium Carbonate I 

In this process, SO2 is contacted with a spray 
of sodium carbonate solution. Products of the 
reaction are sodium sulfite and sodium 
sulfate, which. are reduced to sodium sulfide, 
.Following'the reaction of sodium sulfide with 
carbon dioxide and water, sodium carbonate 
is regenerated and hydrogen sulfide is 
converted t o . s ~ l f u r . ~ ~  

Amine 
The amine process involves absorption  of 
SO? with  an  .aqueous amine absorbent. The 
amine is regenerated thermally to release a 
concentrated watcr-saturated 'SO2 stream. SO2 
may then be treated by convehtional 
technologies to produce sulfuric acid. 

Diy Regenerable FGD 
Activated Carbon 
The activated,carbon process adsorbs SO2 on 
a moving bed of granular activated carbon. 
Activated clarbon ,is thermally regenerated to 
produce a concentrated SO2 stream. SO2 may 
then  be treated by  c.onventional technologies 
to produce sulfuric acid. 

I 
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CHAPTER 3 

TECHNOLOGY  APPLICATIONS 

' 
! !  

! 

Introduction 
As discussed before, FGD technology 
applications were reviewed based on the 
informatiofi  in CoalPower3 Database, 
available from the International Energy 
Agency's  Coal  Research Centre in  London, 
England and released in November 1998.27. 
This database has  not  been modified or 
otherwise amended. Findings of this review 
are described below. 

Historical  Applications 
Applications of FGD technologies over the 
last three decades are shown in Figures 3-1 
and 3-2 for the United States and the world, 
respectively. In the United States, wet FGD 
technology has dominated throughout the '70s 
and early '80s with over 90 percent of the 
overall installed FGD capacity. This same 
period also saw a considerably high rate of 
FGD installation: approximately.25,OOO M W e  
from 1976 through 1980. The mid-to-late 
'80s saw a lower rate of FGD capacity 
increase, compared to that of the '70s. It was 
in the '80s that the first dry  and regenerable 
systems were installed. The early '90s  saw a 
slow increase of installed FGD capacity, in 
wet and dry FGD technologies. .A significant 

increase of the FGD capacity occurred from 
1994 through 1998. During this period, as 
much as a 20,000 M W e  increase was 
accomplished, almost  all of it in wet  FGD. 
No significant increase in regenerable FGD 
capacity has taken place, since the early, '80s. 

A somew'hat different pattern for tbe rate of 
application of FGD  technology could be 
observed throughout the world, as shown in 
Figure 3-2. With approximately 30,000 M W e  
of installed FGD,capacity in 1980, the' 
capacity has'been increasing at ban 
approximate'irate of, IOO,OOd MW, per 
decade. Similar to the  trend in',the'United 
States, no si,gnificant  incqease  in regenerable 
FGD 6apaciFy:has taken:,,place;yorldwide 
since the early '8'0s. Al'so, the rest of the 
world has seen a smaller :percent of dry  FGD- 
controlled capacity than the,,UIiited States. 

Since the wet  FGD  technology has' 
historically ,dominated .both U.S. and 
worldwide; applications,,, it is of interest to 
analyze appkation data,in  tenns:,bf specific 
wet FGD prbcesses. An illustration of  U.S. 
applications is, presented  in Figure 3-3. The 
initial installeq FGD capacity in the early 70's 
was dominated by limestone processes. 

I 7 .  

Shortly thereafter, lime processes (lime and , 
MEL) were applied. The sodium carbonate 
process was first applied in late  OS, and this 
application has not seen  any significant 
growth through 1998. The growth of FGD 
during the mid-to-late  OS, as well as the 
early  OS, was almost entirely due to  the 
increase of the wet limestone process 
capacity. From 1994 through 1998, there was 
a step increase in the installed FGD capacity 
with  most of this being attributed to wet 
limestone processes and the dolomitic lime 
process in the United States. 

20 
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Figure 3-1. Historical application of FGD technology in  the  United States. 



250000 

200000 

150000 

100000 

50000 

0 

0 REGENERABLE 
0 DRY 
I WET 

1970  1972  1974  1976  1978  1980  1982  1984  1986  1988  1990  1992  1994  1996  1991 

YEAR INSTALLED 
f 

Figure 3-2. Historical application of FGD technology throughout the world. 

1 



T 

0 

0 0 0 0 0 ~ ~ ~ 0 0 ~  
0 0 0 0 8 8  0 0 0 0 0 8 8 8 0  8 0 0  

o \ c o P \ D V I * C c , N @  

! 

5 
a 

.I 
r: 

23 



I '  

f 

. .  

I-Zlstorical applications-of dry technologies in impact of the Clean  Air  Act  Amendments of 
the United States are  shown  in Figure 3-4. 1990). 

by the ~rocess (e.g. sodium fibonate 
process). Dry FGD technolagy, other than 
LSD, either does not enjoy si&ificant 
commercial experience (e.g$CFE% and FSI) 
or offers only liimited sorbeqr utilization (e.g., 
DSI). ' ' ,  

The.LSD has enjoyed 'a relatively steady 
increase in installed capacitfin the United 
States since its initial applicati.on  in the early 
'80s. Wet limestone installed capacity 
increased sharply during the %Os, stagnated 
during early  OS, then experienced a step 
increase during the late '90s (due' to the 

24 

categories installed are shown in Figure 3-6. 

The pattern of installations in the U.S. and 
abroad reflects that  wet FGD  technologies 
predominate over other FGD :technologies. It 
is generally recognized that  high SO2 removal 
efficiency,,coupled with cost 'effectiveness, 
has  been responsible for the overwhelming 
popularity of  wet FGD technqlogies, 
particularly wet-limestone-based FGD 
technologies. While the earlier wet FGD 
systems produced only waste! by-product 
sludge, recent systems produce salable by- 
product  gypsum. This has ligely increased 
the attractiveness of  w,et FGQ technologies. 
Limited application of dry FGD technologies, 
compared to wet FGD technologies, is likely 
the result of their higher reagent cost and 
limited choices for by-product disposal. 
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Table 3-1. Coal-fired  Electrical  Generation  Capacity (MW,) Equipped  with FGD Technology (1998) 

Technology United States . ' Abroad. World Total 

Wet 82,092 114,800 196,892 

'. , 

Table 3-2 shows  capacities of various  wet 
FGD  technology  systems  at  power  plants  in 
the  United  States  and  abroad. Of the  United 
States wet FGD, technology  installations, 68.9 
percent  use  limestone  processes.  Abroad, 
limestone  processes  are  used on  as  much as 
93.2 percent  of  the  total  wet  FGD  technology 

)installations. This  trend is shown  in  Figure 3- 
7, which  shows  $he  division of  wet  FGD 
technology  applications into limestone  and 
non-limestone  qnes. The main difference  in 
the pattern of wet  FGD  technology  use  in  the 
United  States G d  abroad is the  extent of the 
app1ication:lof dolomitic  lime  and  sodium 
carbonate  procekses. The attractiveness of 
these processes l$pends  on  the  local 
availability of the  special  sorbents  they 
require. Ligiteh availability of these special 
sorbents abroadilhas likely  limited  the 
applicationiof d e  two  processes. In the U.S., 
dolomitic lime And sodium  carbonate 
processes  have  been  applied on some  units 
due  to'xeagent  &ailability  at  particular  sites. 

Table 3-3 shows statistics describing the 
pattern of use of dry FGD  technologies. Of, 
the  worldwide  capacity  equipped  with  dry 
FGD  techn'blogy, 73.7 percent use  the  spray 
drying  prodess. This compares with 80.4 
percent  eqtiipped  with,  the.  spray  drying . . 

, I .  
, ,  

, '  
7 1. " 

8 .  

process  in  the  U.S.  Almost  all of the 
remaining  installations of dry FGD' 
#technology use  sorbent  injection,  which 
includes furnace  (with  and  without :a 
downstream  humidifier)  and  duct  (calcium 
compound as well as sodium  compbund) 
injection. The-dominance of the  spray  drying 
process  within  the dry FGD  technology 
category is because  this  process  is  more 
economical for 'low-to-moderate-sulfur  coal 
applications  than  wet  FGD  technology. 

These processes  have  been  used 
commercially in the U.S. since the early '80s 
and  abroad  since  the  mid '80s. Other  dry 
technology  processes  are  considered to be 
niche  applications for retrofit  systems,  where 
only limited SO2 removal  is  required. 

Further understanding of recent  FGD 
technology  selections  made by the U S .  
electricity  generating  industry  can  be  gained 
by .;examining  the  recent  FGD  technology 

1 ,instalations in the U.S. Between 1991 and 
: 1995b 19,154 M W  of US. electric  generating 
, cap&city  vlere-retrofitted  with  FGD" 
1 i ' I  ." technologies. Of this  capacity 75, 17.5, and 

7.5 percent  werc  equipped  with UFO,  MEL, 
and d D ,  respectively. 
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Table  3-2.  Total  Capacity (MW,) Equipped  with  Wet  FGD  Technology  (1998) 

Process  United States Abroad  World  Total 

Limestone 56,560  106,939 1 63,499 

Lime 14,237  4,338  18,575 

MEL 8,464 50 8,514 

Sodium  Carbonate 2,756 , ,  2,756 

Seawater 75  1,050  1,125 

Regenerable (other) 2,423  2,423 

i 

Total Wet  FGD 82,092  114,800  196,892 

Table 3-3. Total  Capacity (MW,) Equipped  with  Dry  FGD,Technology  (1998) 

Process United States Abroad  World  Total 

Spray  Drying 
I 

11,315  6,904  18,219 

Dry Sorbent Injection 2,400  1,125  3,525 

CFB 
FSI 

Total  Dry  FGD 

80 

286 

14,081 

5 17  597 

2,108  2,394 

10,654  24,735 
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Table 3-4 shows .additional statistics 
descGbing the worldwide  installation of FGD 
systems  on electric power  plants.  Through 
1998,668 FGD systems have  been installed. 
Of the installed FGD  systems', 522'were wet 

representative sizes of FGD  systems for each 
of the technologies  considered. These 
representative sizes are shown  in  Table 3-5. 
These average sizes were anived at  by 
dividing the MW, shown in Table 3-1 by the 

FGD technology, 124 were dry FGD  pertinent number of FGD  systems  shown  in 
technology.,  and the balance consisted of ' Table.3-4. ~ 

regenerable FGD techno1,ogies.  Through 
1998,236 FGD  technology systems were As seen in Table 3-5, the installations of wet 
installed in: the U.S.' Of the installed FGD  FGD  technology  in the U.S., as  well  as  those 
systems, 174 were'wet EGD technologies, 54 abroad, appear to be larger than  installations 
weie dLy'F~D:Teoh.nolo~i~s, and the balance of dry or regenerable categories of FGD 
consisted clf,ieienerable.,FGD  tkchndogies. technologies. Additionally, the average  FGD 

Combining thb  data from TabM3-4 with  considerably larger than  abroad. 
those fro& Thble 3-1 allows  calculation of 

I 

, 

1 ,  1 system size in the United States is 

8 ,  , ,  

Table 3-4. Number of Installed FGD  Technology Systems (1998) 

Technology United  States Abroad  World  Total 

Wet 174 348 522 

Dry 54 70 124 

Regenerable 8 14 22 

Total FGD  236  432 668 

Table 3-5. Average Size (MW,) of FGD  Technology  Systems (1998) 

Technology United  States Abroad  World  Total 

Wet 472 330 377 

Dry 26 1 152 199 

Regenerable 350 17 1 236 
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CHAPTER 4 

PERFORMANCE 

Introduction 
As  discussed  in  Chapter 3, LSFO, MEL, and 
LSD  have  been  the  dominant  processes  in 
terms  of.  the  electric  generating capacity 
equipped  with  FGD over the last 30 years. 
Therefore,  the  remainder of this  report  will 
focus on issues related to these  processes. 

SOz Removal Efficiency 
An estimate of  SO2 removal  performance of 
FGD  processes  can  be  obtained  by  examining 
the  design SO2 removal  efficiencies of these 
processes  reported  in the CoalPower3 
Database.  Table  4-1 shows design SO2 
removal efficiencies for wet  limestone  and 
LSD  processes. These data reflect  that  wet 
limestone  systems  have  been  designed for 
high levels of S02remova1, up to 98 percent. 
However,  most  wet limestone systems  appear 
to be designed for 90 percent SO2 removal. 
All LSFO systems installed after 1990  have 
design SO2 removal greater than 90 percent. 
The units  with  low  design  efficiencies  are 
generally  associated  with plants burning  low 
sulfur fuels.28  Also, the units  with  the  design 
efficiency at the  low end of the range given in 

The performance.of  wet limestone and  LSD 
processes  has  improved  significantly  over  the 
period of their application. To investigate 
this improvement,  the  median ,design SO2 
removal efficiency was  determined for the 
pertinent  populations of  wet limestone  and 
LSD installations for each of the three 
decades: 1970-1979,1980-1989, and  1990- 
1999. The design efficiencies reported  in  the 
CoalPower3  Database  were used to determine 
median  design SO2 removal  efficiency. 
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Table 4-1. Design SO2 Removal Efficiencies 

' FGD Technology  Range of Design  Efficiency,  Median  Design  Efficiency,' 
percent  percent 

Wet  Limestone  Processes 52-98 ' 90 

LSD Processes 70-96 90 
'Derived based on CoalPower3 re*d data. Appiication conditions for wet Limestone and LSD processes m y  differ (e.g., coal sulfur percent). 

Since  the LSD did  not  become  commercial 
until the early %Os, no  median  efficiency 
could be characterized  for  the '70s for this 
-process.  For  each of  the  last  three  decades, 
median  design SO2 removal  efficiencies, as 
well as  ranges of reposed design SO2 
removal  efficiencies,  fpr  the  wet  limestone 
and LSD are  shown  in  Figure 4-1. A steady 
increase of the  design 60, removal  efficiency 
can be noted for wet  limestone  and  spray 
drying  processes.  This  improvement  may  be 
due,  in part, to the  increasing  need to better 
control SO2 emissionsb  However, the  trends 
do  reflect  that  the SO2 removal  efficiency for 
the  processes considekd has  improved  with 
time. 

Energy Requirements 
As described  previously,  once-through  wet 
FGD technology  (and"specifically, LSFO) has 
enjoyed  the  largest  extent of application 
among  all  FGD  technologies.  Therefore, it 
would be reasonable to expect  any  efforts 
undertaken  to  improve  energy  efficiency  of 
FGD to-be initiated oii once-through  wet 
FGD systems. A review  of  the existing 
literature  reveals  numerous  efforts  aimed  at 
increasing  energy  efficiency of wet FGD 
systems.  Both,  desigii  and  operational  issues 
were  considered  in  order fo improve the 
energy  efficiency. 
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Modern LSFO absorbers  operate  at high flue 
gas  velocities  in  order  to  achieve  improved 
mass  transfer  and  decrease  absorber  capital 
cost at the same time. Rue gas  velocity as 
high  as 20 ft/s was  achieved  under  test 
conditions. In  an effort to improve  the  energy 
efficiency,  a  new  inlet  design  has been 
implemented  that  incorporates  the  inlet 
ducuabsorber  transition  into  the  flared  section 
of the  absorber. It is claimed  that this new 
design dlows for a 33 percent  pressure  drop 
reduction for absorbers  operated  at as much 
as 20 ft/s  gas 

In a  recent  survey of UFO O&M 
pumping of sorbent  slurry  was  consistently 
ranked as  the  most  energy  intensive 
component  in the operation of wet FGD 
systems.  Pumping  sorbent slurry raises the 
slurry from  tank to spray  header  level  and 
provides  pressure  necessary for fine 
atomization. A decrease  in  the  efficiency of 
droplet/flue  gas  mixing  must  be  compensated 
for by increasing U G  in  order to maintain  the 
target  efficiency for SO1 removal.  Therefore, 
it is important to utilize  a  spray  that has been 
atomized  within  the  spray  tower for 
maximum contact with  the flue gas. In-depth 
computational  fluid  dynamics  studies, 
coupled  with field tests,  have  revealed  a 
radial  gradient  of SO2 concentration in a 
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estimated at 0.7 percent of the  net generating 
capacity. 

Applicability 
There are some technical constraints to using 
the spray drying process on applications with 
high sulfur coal. In the U.S., this process has 
typically been used in applications on units 
burning low-to-medium-sulfur coal. 36 There 
has  been a great deal of discussion regarding 
the use of this process on'units with  high 
sulfur coal requiring removal efficiencies of 
over 80 percent. For each spray dryer, there 
exists a maximum solids concentration 
(sorbent slurry concentration) above  which 
the slurry cannot be  easily atomized. High 
sulfur coal applications may aequire sorbent 
slurry concentrations in  exc,ess of the, 
maximum, since the amount of water'that can 
be evaporated is limited by the desired 
approach to adiabatic'saturation and 
temperature of  thk :hue ,gas leaving the 
absorber. 

Another techhical constraint may be the 
unit's physical size, whi,ch is a function of the 
amount of ;five gas !to be treated. Typically, 
spray drying:~has been applied to generating 
units smalleqthan 300 However, 
spray dryers ,have also been,installed on 
larger units u,sing multiple absorbers. 
Successful oljeration of:.a spray dryer is 
dependent on ,a uniifoq mixing of finely 
atomized sorbent slurry with flue gas.  In 
large spray dryer vkssels,, the li+fed 
penetration qf ,dhe atomizedisorbent slurry 
may cornpromis6 oontqol #,efficiency. 

, '  

b 8  
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Once-through Wet FGD Technology 
At  present,  several  technical  options,exist for 
upgrading  the:perfonnance  $existing ' ,," 

in:stalIitions using yet limestork proqessea. 

CHAPTER 5 

ADVANCES 

Introduction 
Over the last '30 years,  significant  advances 
have  bden  made in wet  limestone FGD 
processk. As discussed  before,  once-through 
dry FGD is a newer  technology  (applications 
beg&  ih  early '80s) and  only a few 
applications  were  seen in the  United  States 
during  the  late '80s and  during  the '90s. 
Since  dnce-through  wet FGD has been 
in.volved with the  bulk of FGD technology 
appliidtions  during  this  @eriod, no  significant 
advandes  in  once-tHrough dry FGD have  been 
reportdd.  Therefore,  only  recent  advances  in 
wet FGD will be  digcussed  in this report. 
Some; bf these  advances  b'ave  been  aimed  at 
impr&ing,  the  perfoimadce and  cost- 
effectibeness ;of established  processes,  while 
othe&  ihave focused)  on  deqeloping  new 
procqses.' The 'initial  part of this chapter 
Cfiscusbes  once-through bet FGD technology 
advaxkes:' It 'discusses  both  advances  that  can 
be used to  increase  the  performance  of 
existing  once-through  wet FGD systems  and 
advances  that  can be usedin the  construction 
of  new  once-through  wet FGD systems.  The 
chapter  then  concludes  with  discussion of a 
new  technology - ammonia  scrubbing. 
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requirements,  are  driving,numerous 
conversions of existing  older wet FGD 
systems to more  advanced  ones.  These 
conversions  are  aimed  at  achieving  improved 
SO2 removal  efficiencies andor waste 
minimization.  Limestone  wet FGD systems 
.can  be  converted  to MEL systems  to  increase 
SO2 removal  efficiency: For example, an 
inhibited  oxidation  limestone  wet  scrubber 
designed  for 85 percent SO2 removal  at an 
UG, of 70, (gal/ 1,000 ft3) and, 10 ft/s velocity 
has  been  converted to MEL lime.39 
Folldwing fhe conversion, SO2 removal 

' 'ef@ciency"'incxeased' t0896,.71:  percent at an U G  
Of 23 (gaV'l,OOO ft3). ' , t  

In another  example  of  a  vintage  wet ,FGD 
system.upgrade;  cbnversion of an inhibited 

oxidation  wet FGD process to a UFO system 
was initiated in 1997" The  objective of this 
conversion,  was to initiate  production of 
commercial-grade  gypsum  in  place of 
calcium  sulfite  waste,  which  used to be 
fixated  via  pozzolanic  reaction  with  lime  and 
fly ash prior to disposal  in  a  landfill. 

Several  advanced  design,  process,  and 
sorbent  options are now available for new wet 
FGD scrubbers:l These optidns are  shown  in 
Table 5-1. If implemented,  some of these 
advanced  design  options,  are  capable of 
providing  high, So2 removal andor 
improving  the  operational  efficiency of wet 
scrubbers  while  at th4 sa'me time,  reducing 
cost. , , ' ,  

Table 5-1. Advanced Options for New  Wet FGD Scrubbers 

Option Approach 

Sorbent 

large capacity modules 

increased flue gas velocity in scrubber 

concurrent flow 

improved mist eliminator 

improved hydraulics 

superior materials of uonstruction 

low-energy spray nozzles 

organic acid buffering 

ultrafine Iimestone  grind 

. * Process wet stack 

in-situ oxidation 

ex-situ oxidation with MEL 
wastewater evaporation system 

gypsum stacking for final disposal 

, 
I 

I 
~ 

1 
I 

1 
i 
1 
1 

i 
I 
I 
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4 

Design modifications also include improved 
hydraulics intended to intensify gadliquid 
contact throughout the system. Intensified 
gadliquid contact results in improved gas 
velocity profiles across the spray tower.4g 
Improvements include: optimized placement 
and selection of nozzles as well as installation 
of wall rings to eliminate sneakage close to 
the Hydraulic model.tests have 

Among improved sorbent options, the use  of 
organic acid buffering allows a reduced 
ves,sel size andlor increased efficiency 
through increased sorbent utilization. Organic 
acids, such as dibasiq acid (DBA), can  be 
added to limestone slurry in a wet limestone 
process to improve 9 0 2  removal, sorbent 
util,ization, andlor a particular system's 
'operation. The increased SO2 removal 
efficiency in the presence of DBA is a result 
of its buffering action (limiting the pH drop) 
at the liquid/gas i n t e i f a ~ e . ~ ~  

An ultrafine limestone grind improves 
limestone dissolution in the reaction  tank 
(reaction tank size reduction) and even in a 
spray zone.293 55 An additional  option is to 
implement the direct use of pulverized 
limestone, eliminating the need for on-site 
grinding. 

Some process modifications are aimed  at 
increasing the energy efficiency of the 
process and include operation  with a wet 

38 



8 '  stack  (no gas-reheat) and  a  wastewater 
evaporation  system.  The  latter is 
?accomplished  by  liquid  purge  injection  into 
the  hot  flue  gas  upstream of  the electrostatic 
precipitator (ESP). In this  option,  wastewater 
from  solids hhdling/dewatering operation is 
evaporated 'in the flue  gas.. Other process 
options  include in-situ forced  oxidation, 
which  ,results  in  waste  with,i  better  dewatering 
characteristics #,for disposal?6 

Recent procissahances in MEL'FGD 
technolbgy on ful'l  cominercial-Gcale 
incorpbrate :&-si# oxidation 10 produce 
 gypsum^ witlyexqel1ent  :puritly,an@  bright 
white  color. ;ll@y-product Mg(;OH)Z.can,be 
prodyced o ~ $ ~ p a l l y  for Iiniblant ~q$e, or  sale. 
This: y g ( Q H ) z  ,,sanl~be'usadfor~li,~iler ,I", 

, inject*~~lfor;;~~o,:Fontr~~~ tk,&+jqze air 
preheat& fcj$i)ing,! ahd/l$ PJy@.&lated stack 
emission. 

MEL can offer some  advantages  over UFO. 
It  can  operate  with  high SO2 removal 
efficiency (98 percent  plus)  in high sulfur 
coal  applicati'ong, 16w UG ratio,  smaller 
'scrubbers and  recirculating  pumps,  and  lower 
energy requiTement. 

Ammonia Scrubbing 
Over  the  last  few ,years, a  promising  wet FGD 
process  has  been  under  development.  This 
process,  wet  ammonia  FGD,  has  the  potential 
to improve  waste  management  in  conjunction 
with  providing SO:! removal  efficiency  in 
excess of 95 per~tnt .5~ Operators of 
conv'eiitional wet, limestone FGD processes 
may be confrontGd  with saturated  markets for 
commercial-grade  gypsum of FGD origin.  At 
present,  the  wet  ammonia'  FGD  process  offers 
the  advantage of  an attractive  ammonium 
sulfate [(NH&SO4] by-product  that  can  be 
used  as fertilizer. 

39 



formation of b o n i d s u l f u r  aerosols.. The 
aerosolsare very small (0.1 toi0.3 : I 

micromeier) and;.oqce fopned, krqemitted 
from  the absorber, 'causing a,,visible'!pl'ume at 

In the  case of remote crystallizatioddrying, 
the absorber loop operatesl with a  clear 
solution of (Nl&)$O4 (approximately 30 to 
35 percent). Tke so1ution"is  sent to an 
adjacent  by-product  processing  plant,  which 
consists of a  crystallizer,  dentrifuge,  and 
dryer. Themi+ eneisy (steam) or vapor 
recompressioxdevapbatioy 1s used to 
concentrate the,, solution to, tve  point  where 
crystallization "tes place! 

, .  

, 'I,$ , , , ','. , #  I d  
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Advantages  to clear solution  operation 
include: 

Discreet (NH4)2SO4 crystals are formed in 
a device specifically designed for that 
purpose, so that the size can  be carefully 
controlled to meet the required  product 
specifications 

The monolithic crystals are  not subject to 
attrition  or dusting during shipping or 
handling 

The (NH4)2SO4 solution  can  be filtered 
prior  to crystallization, thus eliminating 
any concern with solid contaminants  (e.g. 
fly ash)  in  the  byproduct 

The entire absorber loop operates  with 
clear solutions and is not subject  to  the 
plugging and erosion  concerns  associated 
with slurry scrubbing 

With in-situ crystallization  processes, slurry 
from the pre-absorber is passed to a 
dewatering hydroclone, where the slurry 
solids concentration is increased to  about 35 
weight percent. The purpose of the 
hydroclone is two-fold to dewater the slurry 
from the prescrubber to optimize the 
centrifuge feed slurry density; and to separate 
the fine particles (primarily ash  €rom the 
boiler)  from the product, and thus maintain 
product purity. The slurry is next  pumped to 
a series of centrifuges where the slurry is 
dewatered  to 97 - 98 percent solids. 
Centrifuges lscharge the material 
immedTately into a rotary drum dryer where 
heated air is passed ov$r the crystals to 
further dry the material to less  than 1 percent 
moisture.61 

To maximize the by-product value, the 
(NH4)2SO4 material  must  be converted to 
larger granular crystals. To accomplish this, 

raw (W)2SO4 material is transferred  to a 
compaction system. In this system, fresh feed 
(NH4)2SO4 material is mixed  with  the raw 
( w ) 2 S 0 4  in a pug  mill  mixer.  Finally, the 
material from the mixer is compacted into 
hard flakes subsequently  discharged into a 
flake breaker. The flake breaker crushes the 
large flakes into smaller pieces, later sized in 
a series of sizing mills. The final  acceptably 
sized product is transported to the storage 
area. 

The chemistry of the production of 
(NH4)2SO4 from boiler flue gas is very 
similar to the chemist@. of,wet limestone 
FGD. SO2 from the flue gas is absorbed in the 
spray  tower by water accorlng to the 
equation: 

SO2 + HZ0 # H2S03 (5 - 1) 

The HzS03 is then  reacted in a reaction  tank 
with  ammonia to form (NH&SO3 and 
NH4HSO3: . ~ 

H2SO3 +2NH3 # (NH4)*S03 (5 - 2 )  

H2S03 + (NH4)2SO3 2NH4HSO3 (5 - 3) 

(NH&SO3 and NH4HS03 are also oxidized 
in  the absorber (forced oxidation) to form 
(N&)2so4 and m H S 0 4 :  

NH4HS03 t X O 2  H NH4HS04 (5 - 5 )  



The  attractiveness of the ammonia  scrubbing 
process  appears  to  depend on the ability of 
the  plant  to  sell (Nl&)2S04 fertilizer. An 
evaluation of the price of (Nl&)2S04 over  a 
period  of  11  years  has  indicated  a  sustained 
increase.? This has peen  explained  by its 
value  as  a  nutrient for seliected crops and its 
ability to replenish the sulfur deficiency in 
soils. 

A successful  demonstration of 90-95 percent 
SO2 removal  and  aerosol-free  operation  has 
recently  been  reported6' for a 130 MW, 
system  installed on boilers burning 2 to 3.5 
percent  sulfur  coal. 
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CHAPTER 6 

FGD COST 

General  Approach 
As discussed before, LSFO, LSD, and MEL 
have  been the processes of choice in  recent 
U.S. applications. Therefore, in this work, 
state-of-the-art cost models were developed 
for these processes. These stdte-of-the-art 
models &e collectively called' State-of-the-art 
Utility Scrubber Cost Model CSUSCM) and 
are expected to provide budgetary cost 
estimates for future applications. In the 
ensuing baragraphs, descriptions and results 
are provided for the state-of-the-ai-t LSFO, 
LSD,' anp h4EL cost models developed in this 
work. 

The Air Pollution Prevention and Control 
Division (APPCD) of EPA's National Risk 
Management Research Laboratory (NRMRL) 
has recently published the Coal Utility 
Environmental: Cost Workbook (CUECost).62 
CUECost provides budgetary cost estimates 
( ~ 3 0  pprcint accuracy) for between 100 and 
2000 MW, net LSFO ahd LSD applications 
based on user-defined design and economic 
criteria. CUECost algorithms provided the 
starting point for the LSFO and LS'D cost 
models developed in this work. 
For each of these models, first, a sensitivity 
analysis was conducted to determine those 

variables  that  have a minor'impact on cost 
(i.e., a deviation of less than 5 percent  over 
the selected,baseline). Then, these variables 
were fixed at  typical  values to arrive at a 
simplified cost  model. Next, the simplified 
LSFO and LSD cost models were  validated 
with  published  data. Finally, these models 
were further adjusted  with cost-effective 
design  decisi,ons to arrive  at,  state-of-the-art 
LSFO and LSD cost  models. , '.I!: I 

~ 

I 

1 
For costing, purposes,, MEL can  be  considered 
to be a combination ofLSF0 and  LSD. In 
the MEL,  sorbent  (magnesium-enhanced 
slurry) is preparqd in a, similar manner to that 
used  in LSD, and this sorbent is contacted 
with flue gas in  an absorber similar to a 
typical  LSFO Nabsorb,er., .However,  becayse 
MEL sorbent is, more  reactivq  than LsFO 
sorbent, 'less ,que, 'gas,  p-esi:d&ge time is oeeded 
in the MEL alpxber(#;, ' A s '  such, a MEL 
absorber is' 5i:gnificantly srndler than1 a ' 

correspondjni LSFO1!absor;be,r. 'Ehther MEL 
waste handli$giequipmpnt  &era$es in a 
fashion simi$r 'to tliql 'ip ZJgFO, Producing 
gypsum ,by-p#Pt;,  bpnsideri& these 
characterisltiqs,iFf thp;@L, for costing ~ 

purposes tl)igip,r,pFess  ,ctan:b.e considered to be 
a combinatio~~'pf,~~~S,Fd and LSD! Therefore, 
the LSFO and:'l(iS&glgorlthrns developed as 
described ab@$; ,were used appropriately to 
develop the @L cost  ,qnodei.  As for LSD 
and LSFO, q;4'~sp$fecti,yei  design choices were 
made to arriy@&t',a state-of-the-aq MEL cost 
model. . A ,  'LV , 

Limestone ;$arced Oxidation 
For the sensitiirity analysis, the baseline 
consisted of an LSFO  application on a 500 
MW, unit  with a 10,500 Btu/kWh  heat  rate, 
burning 3.4 pprcent sulfur (S) Jefferson, OH, 
coal (heating ydue of 11,922 Btullb), and 
presenting medium retrotit difficulty. 

7 
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as predicted by the sensitivity analyses, is 
given  in Table 6-2. Furthermore, the values 
selected to fix these minor variables  are also 
shown in Table 6-2. For example, the air 
heater outlet temperatuie tha t "~as  shown to 
have  between 1.4 and,"0.5"percent impact 
when  varied  between 360 and 280 O F  
respectively, was fixed at 380 OF, as shown 
in Table 6-2. These fixed values are based on 
the CUEcost d&ufts$i,;y I I 

Fixed  operation  and maintenance (O&M) cost 
in the simplified LSFO' cost model  accounts 
for the cost associated with  operating labor, 
maintenance labor and :materials,  and , 

administration and sUp$ort iabor. The 
vahable O&M cost is ~domposed of reagent 

h , ?  ,,, ,I:, 
cost, disposal cost, sk im cost, .and  energy 
cost. The assumptions ,used in calculating 
these costs: are based di;l,the~ default, values 
provided in CuECost 'and t@e suggested 
values.in.Electri6 Pdwd  Reserxh Institute's 
Technical  Assessmqnt Guide (EPRI'TAG). 

CUEkost determine's capit+ ,cost for FGD 
system as Total Capitat Requirement (TCR). 
The cost estimation be""ihs ,,,f 8 ,  1 .'I kith the installed 
equipment capital 'cost (Bh4). Following the- 
EPRI TAG'S methodology, the installed BM 
cost is then multiplied by appropriate factors 
to iqcorposate costs' oillkeneFal facilities, 
engineering fees, donijngenp'ies, and. the 
p i  Ae contractor's, f;e~,,~r6sdting in , a n  

estimate of Total Pl&'Cost (TPC). 'Financial 
factors related to the time reauired'to 
consirkt the FGD"'  eq;ipm$t are applied to 
TPC to estimate .Total/l:~lant Investment (TPI). 
TC$t is the ,sum .\ &TP@.ihvehtory !i cost, and 
pre-Grpduction costs. "@re-p#luction cost 
incdk,orates oni-tMelfth oflthe projected 
annuhl O&M exp$nsePand :!i . ,, , k percent  of the 
TP1;egimate. 

1 1  1 ' '  
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Table 6-1. Sensitivity  Analysis of LSFO Annual  Operating  Cost  (baseline  cost of 10.31 mills/kWh) 

Variable,  units  Baseline  Variable's  Variable's  Cost  for Cost  for  Low High  Value Low  Value 
High  Value  Low  Value  High  Value Value of Difference, Difference, e 

of  Variable, Variable, % % 
mills/kWh  mills/kWh 

Capacity, 
Mw, T: 

Heat €&e, 
Btu/kWh 

Coal  Sulfur 
Content, % 

Coal  Heating 
Valuea, Btdlb 

Air  Heater 
Outlet, OF 

SOz Removal, 
% 

L/G 

Slurry 
Concentration, 
% solids 

Capacity 
Factor, % 

DB A' 
Addition 

Disposal  Mode 

Absorber 
Material 

No. of 
Absorbers 

Reheat 

500 

10,500 

3.43 

1 1,922 

300 

95 1 

125 

15 

65 

no 

stacking 

alloy 

1 

Yes 

2000 

1 1,000 

4.0 

14,000 

360 

98 

160 

20 

90 

N/Tb 

landfill 

N/T 

2 

N/T 

100 

8,000 

1.5 

10,500 

280 

90 

60 

10 

40 

Yes 

wallboard 

RLCS 

N/T 

no 

6.57 

12.25 

10.60 

9.56 

10.45 

10.36 

10.36 

10.3 1 

8.04 

N/T 

12.51 

N/T 

10.4 1 

N/T 

22.62 

9.13 

9.7  1 

10.92 

10.26 

10.22 

10.22 

10.31 

15.41 

10.20 

10.23 

9.66 

N/T 

9.94 

-36.3 

18.8 

2.8 

-7.3 

1.4 

0.5 

0.5 

0 

-22.0 

N/T 

21.3 

N/T 

1 .o 

N/T 

119.4 

-11.4 

-5.8 

5.9 

-0.5 

, -0.9 

-0.9 

0 

49.5 

-1.1 

-0.1 

-6.3 

N/T 

-3.6 

"Coal Data: Form EIA-767, DOE 
hNrr=not tested 

'Dibasic  Acid 
'Difference'= (Cost for  High  Value of Variable - 10.31) I 10.31 100% 

'Difference = (Cost for Low Valie of Variable - 10.31) I 10.31 100% 
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Table 6-2. Representative Values for LSFO Variables with Minor Cost Impacts 

Variable Units , , I Value  Comments 

Coal  Heating,  Valuea ~, ,,,’ -: ’, ,I Btdlb 1 1,900 Baseline 1 1,922 

Limesto+:Comibiition _ ‘  
% 45.3 8 ,  8 ,  , , 

S02,Control Efficiency % 95 

LJG gaI/l,ooo ft3 125 70 with DBA 

Ambient  Pressure in. Hg 29.4 

Air Heater  Outlet  Temperature O F  300 

Moisture,in the Flue Gas % 14.0 

Max  Fan  Capacity cfm 1,600,000 Either 2,4, or 8 fans 

Chimney  Inlet  Gas  Temperature OF 127 
a Not a minor impact; value is set to 11,900 Bhdlb. 

. !! 
, , # ,  . .  

. .  

Capital Cost . 

LSFO systems consist of five major 
equipment areas: reagent feed, SO2 removal, 
flue gas handling, waste handling, and 
support equipment. As,  described before, 
capital cost algorithms for these areas in 
CUECost were simplified to be functions of 
capacity, heat rate, coal sulfur content, and 
coal heating value  only. Summation of these 
adjusted algorithms provides the total capital 
cost in the simplified LSFO cost model. 

The above five areas are shown schematically 
for LSFO in Figure 6-1. Accordingly, in cost 

coal use rate, with no provision for sulfur 
retention in the ash. SO2 flow rate to the 
FGD system (FRs02) was estimated from the 
amount of sulfur in the coal  as  well  as the 
coal bum rate at full load: 

where Wt%S is coal sulfur content (wt%), 
MW, is LSFO size ( m e ) ,  HR is plant  heat 
rate (BtukWh), and HWV is coal  heating 
value (Btdlb). 

considerations the capital cost of each area is Reagent Feed Area 
represented as: Reagent Feed  (BMF), SO2 The BMF cost (including receiving, storage, 
Removal (BMR), Flue Gas Handling (BMG), and grinding) - a fourth order polynomial in 
Waste Handling (BMw),  and Support limestone addition rate was  used  based  on 
Equipment @ME).  The estimation methods CUECost. The limestone-addition rate was 
used for the five major equipment areas are determined based on the SO2 feed rate to the 
described below. absorber, reagent addition rate, SO2 removal 

requirement, and limestone CaC03 content. 
The BMF, BMR, and BMw cost estimates In CUECost (and  in  this simplified model), 
were explicitly determined by the SO2 feed all the sulfur in the coal  was assumed to be 
rate to the FGD system. This feed rate was delivered to the FGD system as SO;?. 
determined by the coal sulfur content and \ 
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CUECost adjusts the reagent  feed ratio to 
ensure the CaCO3 present is sufficient  to 
remove  all the chlorine in the coal as CaC12, 
in addition to  the specified S0,z removal. 
However, chlorine removal has  been 
erlfi.linated'f~~m'fhi,s model  based on the 
assumptlonmrthat  ;itI'&as l a  ae$ligible'~ cost 
impact. S&cifically, the, cdst @limestone 
and reigent$jd&ltion was calculated  as 

j $ , ' ' . 1 1 ~ ~  foIlows: ''Ifill 
,,,,'# ' ,, 

1 1  

:: 

8 ,  

- Cos#df,ball mill  and  hydrocyclones - 
seccipd'brder  polynomial on limestone 
addi&ox%rate. 

- supply tank - power law 
rate, which is, in 
to the rate oFSOz 

rate has  been fixed in this 
the reagent feed ratio. 

I 

was estimated as: 

These p ~ a ~ e r s  allow BMF to be estimated 
as follows: j 

i ,  
i 

where C B ~ H  is the cost of the ball mill and 
hydroclones as given  by: 

2 

CBgLH 4 2 . 9  [%) + 22412 

(2) + 1854902 (6 - 4) 

and CDBA is the cost of the DBA tank as  given 
by: 

CDBA was added only for LSFO systems  with 
the DBA addition. 

Removal Area 
BMR cost. (including absorbers, tanks, and 
pumps) - a third  order polynomial on  SO2 
rate to the scrubber was used  based on 
CUECost. These cost components were 
calculated as follows: . 

- Cost of absorbers - power law  on flue 
gas flow rate to .each absorber inlet 
multiplied by the number of 
absorbers. Different power laws  were 
used depending on absorber 
construction materials. Maximum 
absorber size was limited in CUECost 
to  treat700 MW,; larger units 
required multiple, equal size 
absorbers. 

- Cost of spray pumps - power law 
applied to the slurry flow rate per 
absorber per pump multiplied by the 
number of pumps. The slurry flow 
rate (gpm) was calculated based on 
the gas flow rate per absorber at  the 
exhaust temperature, but at 1 in. Hz0 
less than the inlet pressure (typical 

'~ absorber inlet pressure drop). L/G 
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w'as fixed at 70 for LSFO with  DBA 
and, otherwise, was fixed at 125. 
CUEiCost default is L/G of 125 for 95 

. i  percent SO2 removal. 

BMR cost required estimation of flue gas  flow 
through the LSFO system. The.absorber cost 
was estimated based  on inlet flue gas flow 
rate and type of construction rqatefials. The 
spray pump cost was estimated based on flue 
gas flow rates exhausting the absorber. 

The flue gas flow was calculated in  'OUECost 
using the coal analpsis in dddition to'unit size, 
heat  rate, excess air, and air inleakage. This 
approach  was analogous to: computing the F- 
factor ( ~ d  for each fuel. AS it,yas; Aot 
considered practical to  calculatt3 an' F d ,  for 
each fuel, gas  flow  was estimated'using the 
methodology employed  in 40C$R75 
Appendix F. An Fa of 9,780 ,scf/l!O6  Btu  was 
applied for :all coals, as tbei8di$ferdnaes  in  coal 
rank  (e.g., 9,8610 scf/106'Bfpfor,31igriite) were 
expected to have negligible; impadt ,& the 
estimated scrubber cost. ~ FIqe  gzwfbw into 
the absorber, (ACFM) was  calcu1,ated as 
follows: 

1000 9780 (460+295)_ 100 
lo6 60  528 (100- 6) 

0.04 0.209 (P-0.04) 
P ' P (0.209- P )  

ACFM =-.-e 

*MW,.HR. ( - +-. 
where P is % 0 2  in the stack (9 percent 0 2  in 
the stack was assumed). 

The pressure at the absorber inlet was fixed at 
10 in. Hi0  gauge, the CUECost default. 
Ambient pressure was fixed at the CUECost 
default of 29.4 in. Hg. Temperature of the 
flue gas entering the absorber might have 
been varying significantly for different units 
but was expected to have minimal impact on 

cost, based  on the sensitivity analysis. 
Absorber inlet temperature was fixed in  the 
model  at  295 OF, resulting from 300 OF air 
heater  outlet temperature used as the default 
in CUECost. The moisture fraction  was 
assumed to be. 6.0 percent Hz0 at the 
absorber inlet. 

The cost of the spray pumps for the absorbers 
was  estimated  based  on the absorber outlet 
flue gas  flow rate and the number of pumps 
(Np) required. The N, required  was  based on 
the required slurry flow rate per absorber  and 
a maximum single pump capacity of 43,000 
gpm  (CUECost default). The required  slurry 
flow  rate  was determined by L/G, dependent 
on whether the design, incorporated DBA 
additive: The gas  flow rate was  determined at 
127 O F  and  at 9 in. HzQ gauge (CUECost 
default). Moisture content was  estimated  at 
14 percent Hi0 (CUECost calculated). 
CUECost estimatedl  air^ addition at 2 moles 
oxygen for each mole of sulfite to be oxidized 
(CUECost default), For a typical SO2 
concentration, this air addition is less  than 1 
percent by volume of the total  flow  and  has 
not  been included. 

The above assumptions allowed  estimation of 
BMR cost, depending on the absorber 
construction  material  used  and on the 
presence of DBA addition in the system as 
follows: 

BMR = BARE  MODULE, + ABSORBER 
N ,  + PUMP N ,  (6- 7) 

where  ABSORBER is the absorber cost  equal 
to: 

ACFM 0.5575 

ABSORBER 1 = 173978. ( - looo 1 O N ,  (6-8) 

or to: 
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The cost of pumps, PUMPS, was expressed 
as: ~' 

N ,  10.5954 . N p  

PUMPS = 910.85 0 (6- 10) 
, ,  

where GPM is slkry flow rate (gpm) and N, 
is the number of pumps. The slurry flow rate 
varied, depending on whether dibasic  acid 
additive was selected. 

Auxiliary cost for7the SO2 Removal  Area 
(BARE  MODULEiI> was calculated as 
follows: 

BARE MODULE, =; 0.8701. 

%OZ 
0 -  ( 1000 +348090[%Gi) FRso2 +1905302 , (6-11) 

Flue Gas Handling Area 
The flue gas handling system cost (ductwork 
and ID fans) was  based  on CUECost, a 
polynomial  on flue gas flow rate entering the 
absorbers, exiting absorbers, and number of 
absorbers. If a design included reheat, a term 
was  added for the required temperature 
increase. The cost of b fans was estimated 
using a power law based on the inlet gas flow 

By assuming the above design criteria, BMG 
cost was estimated as follows: 

, .  

BM,  = BARE MODULE, + ID FANS (6 - 12) 
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:' The,auxiliary cost of the Flue Gas Handling 
ATea (BARE MODULEG) was calculated as: 

2 

BARE MODULE, = -0.1195 

e -  ('E! 1- 0.1~65 1 o (%I2 + 1288.82 ' 

e -  [ 1000 ) + 559693 - 0.2009 

+ 1266.4 [ ) + 420141 
1000 l N ,  

(6-13) 

where ACFMl is flue gas flow rate out of the 
absorber. 

The cost of fans (JD FANS) was calculated 
as: 

0.6842 

IDFANS = ! 2 l . 2 4 * [ 7 )  ACFM 0 Nf (6 - 14) 

where Nf is the number of fans. 

WasteBy-product Handling Area 
The BMw cost (dewatering, disposal/storage, 
and  washing) - a second order polynomial  on 
SO:! mass  flow rate for gypsum stacking was 
used  based  on CUECost. Moreover, a third 
order polynomial on SO2 mass flow rate was 
used for landfill disposal or wallboard 
gypsum production. The cost of thickener 
was esiimated as a linear function of the 
waste solids removal rate. The waste  amount 
was estimated from a mass balance. 

The BMw cost was fixed  by the disposal 
option  chosen  and  by the amount of sludge to 
be disposed of. The amount of sludge was 
based on inlet SO:! flow rate, SO,:! removal 

efficiency (fixed  at 95 percent), and CaC03 in 
the limestone.  All SO2 removed  was 
assumed to be oxidized to form calcium 
sulfate dihydrate (gypsum). The BMw cost 
was  estimated as follows: 

\ 

BM, = BARE MODULE, -I- THICKENER '(6 - 15) 

0 For the, Wastemy-product Handling 
System  with  gypsum stacking (BARE 
MODULEw 1) : 

BM,, = -4.0567 [ - FRs02 j: + 1788 
1000 

0 -  ( :; 1 + 80700 (6 - 16) 

For the WasteBy-product Handling 8 

System  with  landfill  (BARE 
MODULEw2) ' 

BM,, ~ 0 . 3 2 5 0  - -168.77. - ( 1000 7 ( 1000 J m o l  %02 

+ 29091 0 ( - :$ ) + 773243 (6 - 17) 

0 For the WasteBy-product Handling 
System  with  wallboard  gypsum 
production  (BARE  MODULEw3): 

BMw, = BM,, 01.25 (6-18) 

The cost of thickener (THICKENER) was 
estimated as: 

THICKENER = 9018.7 FRso2 0.95 

0 172 +I14562 
64 0 2000 

(6 - 19) 
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Support Equipment Area 
The BME cost (electrical, water, and >air) -, a 
third  order polynCmiiaL based  on  net 
generating capacity provided  by the user. 
The cost ,of the cbimnQ:waS  eS't,imated~with a 
power lay o'n'total flue gas  flow exiting each' 

power  laws  werL"used  dep,ending 1 '  on whether 
reheat, 3, tphs;q/$$l~$tqi 8 1  in,ghei,@esign. ' , :  

abso~~dr,'ilb~~~il:I~dn,,~~Cos,~l~/i,Separatk'(l!,,,,, 

cost. Ghimney cost wa,s estimated with a 
power IaG'based oh @QW ,rate 'per absorber. 
Temperatu<e at t k  khimney ihlet was 1 I "i,. 

selected in the mobelat' 127 O F ,  while the 
pressure  was selected at 4,in. H z 0  gauge.. 
The BME cost 'was estimated as 'follows: 

E M ,  = BARE  MODULE, + CHIMNEY (6 - 20) 

I ,  '1 SI 

For a BME with reheat, the,cost of chimney 
(CHIMNEY 1) was estimated as: 

CHIMNEY 1 = 40208 ACFMlo.3339 (6 - 21) 

For a BME without reheat, the cost of 
chimney (CHIMNEY 2) was estimated as: 

CHIMNEY 2 = 23370 ACFM1°"908 (6 - 22) 

The auxiliary cost for Support Equipment 
Area  was estimated as: 

BARE  MODULE, = 0.0003 MW,' -1.0677 

MW,' + 1993.8 0 MW, + 1177674 (6 - 23) 

Total  Capital  Requirement 
Once the BM cost had  been determined, it 
was possible to calculate TCR.  The general 
TCR determination procedure is illustrated in 
Table 6-3. Following the EPRI TAG 
methodology, installed BM cost was 
multiplied by appropriate contingency 
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(6 - 24) 

TPC.could then be adjusted for financial 
factors dependent on the time required'to 
complete the project. Allowance for Funds 
During Construction Factor ( F A ~ c )  and TotaI' 
Cash Expended Factor (FTCE) are used to 
adjust TPC. F A ~ c  accounts for interest 
duiing construction and F + ~ E  allows for de- 
escalation of cost. CUECost includes time 
requirements for various size FGD 
installations. 4 

\ 
I 



Table 6-3. TCR Calculation  Method 

Cost  Component  Symbol / Calculation 

Capital Cost BM = BMF + BMR +BMG + BMw + BME 
Facilities + Engineering & HO" + Process Contingencies A = A, + A1 + A3 
Project Contingency B 
Fee C 
Total Plant Cost (TPC) T P C = B M * ( l + A ) * ( l + B ) *  (1+C)  
Financial Factor F-rm + F ~ c  = D 
Total Plant Investment . TPI= TPC *D 
Pre-production Cost + Inventory  Capital E 
Total Capital  Requirement TCR=TPI+E 

a HO = Home Office 

Applying the FTCE and F A ~ C  appropriate to 
the unit size results in Total Plant Investment 
(TPI): 

TPI = TPC ( FrcE + FAFDc ) (6 - 25) 

In regulatory cost determinations, it is usually 
preferable to assume  constant dollars; e.g. no 
inflation. Such analysis should  yield a FTCE 
equivalent to 1 (no inflation), and an F A ~ C  
dependent on cost of capital  without inflation. 
Applying an F A ~ C  rate of 7.6 percent and 
zero inflation results in factors listed in 
Table 6-4. Constant dollar factors listed  in 
Table 6-4 are used in the subsequent model 
development. 

The Total Capital Requirement (TCR) was 
determined by adding pre-production .cost and 
inventory capital  to TPI. CUECost estimates 
pre-production cost as a sum of 2 percent of 
P I  plus one-twelfth of projected  annual 
fixed O&M cost plus  one-twelfth of projected 
annual variable O&M cost adjusted for the 
capacity factor, as follows: 

TCR = 1.02 TPI + Fixed0 & M 
12 

+ Variable0 & M 
CF 012 

+ INVENTORY (6 - 26) 

where inventory capital  (INVENTORY) is 
the cost of reagent required to meet  the  bulk 
storage requirement. A 60-day limestone 
inventory  was incorporated (limestone cost of 
$15/ton  was used). CF  is plant  capacity 
factor. CF  is defined as a ratio of the average 
output to the rated  output of a plant on  an 
annual  basis. 

Finally, a correction was  made to the TCR to 
account for the cumulative effect of variables 
with minor cost impact (Table 6-2), which 
were determined based  on the ,sensitivity 
analyses. The  CmCost-determined TCR for 
baseline conditions shown in Table 6-1 and 
for minor effect variables fixed as'shown in 
Table 6-2 was equal to $205/kW. However, 
when minor effect variables were set to 
maximize their combined effect on cost, the 
resulting value of TCR was .$226/kW. 
Therefore, TCR was multiplied by the 
adjustment factor of 1 .lo24 (226/205) to 
yield the Adjusted TCR. 
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Table 6-4. Financial  Factors for FGD Construction,  Constant  Dollars . ' 

Unit Capacity Years to complete AFDC Factor TCE Factor 

MW, < 160 1 , ,  0.0000 1 .0000 

160 5 MW,<400 2 0.0380 

400 5 MW, < 725 3 0.0779  1.0000 I,; 

725 s MW, 1300 4 - 0.1199  1 .0000 

1300 s MW, < 2000 5 0.1640 1 .oodo 
M W e  = 2000 6 0.2104 1 .0000 

' ,o. ). , ,  , 3, I ' " 
, ' I ,  ' 

1 .oooo 

Operation and Maintenance Cost 
The  O&M cost was calculated next. The 
O&M cost includes fixed and variable 
components. Fixed O&M cost incorporates: 

operating labor 
maintenance labor and materials 
administration and support labor 

Variable O&M cost is composed of: 

reagent 
dibasic acid . 
disposal(by-product credit given) 

0 steam 
electrical energy 

. .  

Fixed O&M cost components were estimated 
as follows. Operating labor (OL) was 
estimated by the equation below, using a 
power law  on the unit's capacity and 
estimating the number of workers needed in 
combination with an operating labor rate 
($30/hr): 

OL = 

. .  

41.6904 1 MWe-0.322307 MW, *30*40052 
100 

(6 - 27) 

Maintenance labor and materials (ML&M) 
cost was determined as a percentage (3 
percent) of BM cost. Administration  and 
support (A&S) labor was  estimated  as a 
fraction of maintenance labor and materials 
plus operating labor, as given  by the 
equation: 

. 

A & S  =0.3.(0.4.ML&M + O L )  (6 - 28) 

Variable O&M cost components were 
estimated as a sum of limestone, DBA, 
disposal, steam, and electrical energy costs. 
Cost of limestone (unit  price of limestone at 
$1 Won) was: 

cc.co, = - FRL 8760 CF 0 15 2000 
(6 - 29) 

where CF  is capacity.factor. 

Cost of dibasic acid (unit  price of-dibasic acid 
at $430/ton): 

CDBA = FRSO, 0-0- Oe9' 87600 CF 430 (6 - 30) 
2000 2000 
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Cost of disposal if  the  gypsum  stacking 
method  is  selected  ($6/ton): 

CDs = 6 8760 CF FRS,, 0.95 172 (6-31) 
64 2000 

Cost of disposal  if  landfilling is selected 
($30/ton): 

1 ?') 

(6 - 32) 

Cost of disposal  was  set  to  zero if wallboard 
production  was  selected. In addition, for this 
case a by-product  credit  ($2/ton)  was  given  as 
described  below: 

CREDIT = 

FRSO, 0 0.95 8760 CF 2 
64 2000 

(6 - 33) 

Cost of steam  (price of steam  estimated at 
$3.50/1000  lb): 

STEAM = TER 8760. CF 3.5 
855.14 1000 

(6 - 34) 

'Cost of electrical  energy  (power  consumption 
for LSFO  estimated  at 2.0 percent)  was 
estimated  using  the  default  CUECost  power 
price of  25 millskWh: 

POWER = 0.02 (1000e MW, 0.8231) 
1000 

.8760.CF.25 (6 - 35) 

Validation 
Capital  cost  predictions of the  simplified 
LSFO  cost  model  were  validated  against 
reported  capital  cost for eight  recent  retrofit 
LSFO  systems. 

LSFO  cost  estimates  derived  by  the 
simplified  model  described  above  were 
validated  against  reported  costs  (CUECost 
manual) for eight  Phase I plants  with  retrofit 
scrubbers.  These  eight  plants  included  one 
LSIO  retrofit,  Gibson,  and  seven U F O  
retrofits of various  configurations.  Since  the 
simplified  cost  model  incorporates 
generalizations  applied to the  CUECost 
algorithm, it was  necessary to validate  this 
model  against  these  recent  retrofits. 

Model  estimates of TCR  and  published  costs 
are  presented  in  Table  6-5  and  are  further 
illustrated  in  Figure 6-2. These  results  reflect 
that  the  simplified  LSFO  cost  model on the 
average  predicts  the  published  capital  cost 
within 10.5 percent. 

In the  validation  study, a heat  rate of 10,500 
BtdkWh and a coal  heating  value of 1 1,900 
Btdlb were  used  for  all  plants.  All of the 
Phase I units  in  Table  6-5  were  designed 
without  reheat.  Absorber  materials of 
construction  and  the  disposal  mode  for  each 
unit  are  shown  in  Table  6-5. The simplified 
model  cost  was  de-escalated to 1994  dollars 
to maintain  consistency  with  reported  costs. 

As  an  annual expense, the  components of 
variable O&M cost  were  adjusted for the 
capacity  factor of the unit(s). 
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Table 6-5. Model  Validation Summary for LSFO FGD (1994 Dollars) 
, .., 

Plant- Absorber MatefiaV  Unit Capacity, Absorbers Coal Model, Reported, Deviatic 
Di,sposal , .  M w c  Wt%S $/kW $/kW percen 

Petersburg All~yAandfill )!,, 'I 1 I ,  13239 , I, 1 ".e; ~ ,,, ;, 1 ,, , " +26.2 

Cumberland RLCSIstacking 1300 3 A ,  ' 4,O. ' ' -  164 , 200' -18.0 

Conemaugh . RLCS/wallbo,ard , , , , , ,  I 1700 5  2.8 174 195 *( -10.8 

Ghent &lq.y/st&king, 511 3  3.5  213  215 -0.1 

Bailly RLCSlwallboard 600 1 4.5 189 180 ' +5.0 

' "  ' 3.5 ' ,,, ' 1  'qm, ' 1 :  ,317 

: " ,  ' 

1 '  ~ 

Milliken RLCS/wallbaard 3  1#6 1 3.2 368 348  +5.7 

Navajo .+lloy/landfilj' ,. i ,  , 
7'50 2 0.75 226 236 -4.2 \ ,  

aDeviation=(Model-Reported)/Reported* 100% 
1 3  

'i ,' 

450 

400 

350 

3' 300 $ 250 

0 
I- 150 

100 

50 

0 

cr" 200 + Model ($/kW) 

0 500 1000 1500 2000 
Unit Capacity, MWe 

Figure 6-2. Comparison of model  predictions  with  cost  data for LSFO. 

56 



Recently, P M  model pre~hctions~~ of TCR’s 
were  published for 2-4 percent  sulfur coals. 
The comparison of the  simplified  CUECost 
model  prediction to the  IPM  model for 2, 3, 
and 4 percent sulfur coals is given  in  Figure 
6-3.  As  can  be  seen  in  Figure 6-3, model 
predictions of TCR  are  not  very  sensitive to 
coal sulfur content for the  range of 2 to 4 
percent. 

State-of-the-art Model 
The algorithms  developed  thus far 
incorporated a variety of adjustments to 
CUECost  algorithms to eliminate  variables 
that did not  have  significant  impact on cost. 
At this point, however,  it is helpful to specify 
a ”state-of-the-art”  LSFO  system by  which to 
estimate the cost of possible  future  retrofits. 
It is  recognized  that  alternate  design  decisions 
may be made  in  the  interest of reducing  cost 
based on site specific  conditions  or  other 
engineering features resulting  in  cost  savings 
not  reflected  otherwise. 

Therefore, the  simplified  LSFO  cost  model 
was further adjusted  with  cost-effective 
design decisions to arrive at the  LSFO  part of 
the SUSCM (LSFO SUSCM). This latter 
model is expected to provide  the  budgetary 
cost estimates for future LSFO  applications. 

I The assumptions: made  in  arriving  at  the 
LSFO SUSCM $e described  below. 

1. Absorbers  serving flue gas  from units up 
to 900 M W e  in  capacity  are  used in the 
LSFO SUSCM designs. This is 
consistent with the recently  reported 
information for Units 1 and 2 of Tampa 
Electric’s Big Bend Station. At this 
station, both  units  were  retrofitted  with a 
single 60-ft diameter 890-MWe 
module 44,64,65 

3. 

4. 

5. 

6. 

or  alloy  material.  Scrubber  cost was 
assumed to be  the  average of rubber-lined 
carbon  steel  and  alloy  materials. 

The  “state-of-the-art”  scrubber  uses 
dibasic  acid  addition,  resulting  in  modest 
capital  savings  and  significant O&M 
savings. 

The “state-of-the-art”  scrubber  uses 
gypsum  stacking  or  wallboard  production 
as  the  waste  disposal  method.  Waste 
disposal  bare  module  cost  was  assumed to 
be the  average of the  cost for the  two 
disposal  methods. 

Sorbent  inventory of 30 days. 

The cost of chimney  was  assumed to be 
the  average of chimney  cost  with  and 
without  reheat. 

“State-of-the-art”  decisions  are  shown  in 
Table  6-6. 

Combining  the  equations  developed  before 
with these “state-of-the-art”  design  decisions 
yields a LSFO  SUSCM-derived  estimate of 
TCR for a “state-of-the-art” FGD unit.  TCR 
predictions  using  LSFO  SUSCM  are  shown 
in  Figure  6-4. These predictions  are  based on 
units  with a heat  rate of 10,50O,Btu/kWh  and 
a capacity factor of 90 percent.:  The  results 
reflect  that  the  capital  cost is not  sensitive to 
coal sulfur content.  However,  as expected, 
capital  cost  does  reflect an economy-of-scale. 
It is worth  noting  that  the  discdntinuities  in 
capital cost curves  reflect  the  aadition of  an 
absorber  as  unit  capacity  changes  from  less 
than 900 MW, to greater  than 900 MW, and 
from less than 1800 M W e  to greater  than 
1800 MW,. This is because of”assumption 1 
described  above. 

2. The “state-of-the-art” scrubber is 
constructed of rubber-lined  carbon  steel 
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Figure 6-3. Comparison of LSFO cost model to IPM model predictions for 2 to 4 percent sulfur coal. 



Table 6-6. "State-of-the-art" LSFO Design  Decisions 

. ,  . .  
'I 1 -  

Parameter Units Value 

Single Absorber Size 

Absorber Diameter 

DBA Addition" 

L/G 

O2 in Stack 

Material of Construction 

SO2 Removal 

Flue Gas Temperature from Absorber 

Flue Gas Velocity into Absorber 

Inventory for Limestone 

,Limestone Purity (CaC03) 

Waste Disposal 

Power Requirement 

Flue Gas Reheata 

'ft 

""- 

gal/lOOO f t 3  

% 

O F  

ft/s 

days 

% 

"_" 

% 

"" 

900 

60 

Yes 

70 

8 

Average of RLCS and alloy 

95 

300 

14 

30 

95.3 

Average of wallboard or gypsum stacking 

2 

Average of Yes and No 

"YeslNo decision only;-no addition rate considerations 
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Figure 6-4. TCR predictions for 2 to 4 percent  sulfur  coal by LSFO SUSCM. 



For comparison, the published average cost of 
24  Phase I units66  was $249/kW (1995 
dollars) or $24lJkW when de-escalated, to 
1994 dollars. Significant cost reductions may 
be  realized by employing, “state-of-the-art” 
design. For example, the LSFO SUSCM 
predicts a LSFO TCR of $211/kW for a 500 
MW, system  with 4 percent sulfur coal. For 
the same conditions, the simplified LSFO 
model  predicted a TCR of $229kW. 

Setting the LSFO SUSCM parameters to 
values representative of conditions at Big 
Bend Station  resulted  in a predicted TCR ‘of 
$153/kW (with the TPC of $107 million). 
Further, giving the credit for the effect of 
high  velbcitg  in the absorber, TCR decreases 
to $145/kW. 

As described earlier, fixed O&,M was a 
function of the installed BM cost and the unit 
capacity (MW,) .  The LSFO SUSCM 
prediction of fixed O&M for a unit with a I 

heat  rate of 10,500 BtulkWh is shown in 

Figure 6-5. The fixed O&M cost is based on 
capital cost and, therefore, reflects the same 
trends as  capital cost. The LSFO SUSCM 
prediction for Big  Bend Station’s fixed O&M 

I 
I 

Is $6/kW-year. ~ 

As can be seen  in Figures 6-4 and 6-5, LSFO 
SUSCM predictions of TCR  and of fixed 
O&M are not.very sensitive to coal sulfur 
content in the range of 2 to 4 percent. 

Variable O&M is a function of the sulfur 
input  and  power requirements, adjusted for 
capacity factor. The LSFO SUSCM 
prediction of variable  O&M for a unit  with a 
10,500  Btu/kWh  heat rate and 90 percent 
capacity factor is shown  in Figure 6-6. 
Variable O&M costs on a millskWh basis  are 
constant across the unit capacity range and 
increase with  fuel  sulfur  content. The LSFO 
SUSCM prediction for Big Bend Station’s 
variable  O&M is 1.37 millskWh. 

61 



18.0 

16.0 

14.0 

12.0 

10.0 

8.0 

6.0 

4.0 

2.0 

0.0 
0 

-1"- " 

+ SUSCM Model, 3% S 

SUSCM Model, 4% S 

200 400 6d0 800 . 1000. 1200 -1400 1600  1800  2000 

Unit Capacity, MW, 
~ _ L  

Figure 6-5. Fixed O&M predictions  for 2 to 4 percent  sulfur  coal by LSFO SUSCM. 
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Lime  Spray  Drying 

Sensitivity Analysis 
Sensitivity analyses were  performed  to 
deteimine variables that  have relatively minor 
impacts ~I on FGD cost. The objective of these 
analyses was to'build an order of magnitude 
cost kstimate model  using commonly 
availiable pdr6eters'that significantly affect 
cost. 

For the sensitiiiity analysds, it was necessary 
to identify a baselike LSd system as a point 
of reference. A, 5Ob"WL unit  with a 10,500 
Btu/$Wh  heat ;ate burning 1.5  percent sulfur 
coal bas  selected as the bhseline  unit. 

The primary desi& elements fixed in this 
baseline LSD system were the spray dryer 
absorber constrktion materials and stack 
conshction. RLC$  was  delected as the 
construction material for the baseline unit. 
The baseline LSD system uses two absorbers 
per CUECost meth~odolosy (maximum 
absorber size 300 $ W e ) .  "IOther variables 
were fixed at CUECost  d8fault values for the 
baseline LSD, including 40 percent SO2 
removal efficie&y'., Thus" defined, the 
baseline.LSD has dn anniial operating cost of 
10.02 mills/kWh. j 

Results of the sensitivity analyses are 
summarized in 'Tadle 6-7. Values for the 
variables were.sel&ted to. span realistic 
ranges. High and low values of variables 
were selected and the corkesponding cost was 
then determined for each kngle variable 
perturbation. Hextb the differences-in cost 
predictions were cdlculated between baseline 
and high, as well as low, values for each 
perturbed variable. 

Based on the sensitivity analyses, it appears 
that the majority of cost impacts.can be " 

, ,  

, 

, ,  
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accounted for with capacity, heat rate, coal 
sulfur content, and coal  heating,  value. 

By iixing variables that have  minor impacts 
on the cost, the methodology  can be reduced 
to a,/;fiincti.on of just'la few  variables. The 
varia8les that have minor impacts on the cost, 
as pgeilicted  by CCkCost sensitivity analyses, 

shown in Table 6$ These fixed ;yI$lues  are 
based ion the'baseli,$k CUECost! case-, 

Capit& Cost l@l 

Simil+rly to LSF6, installed capi'tal cost (BM 
cost) for LSD is  chculated for eakh  of five 
major1 equipment heas. The estimation 
methdds used for lhe five major Gquipment 
areas k e  describeh below. I 

Reaaint  Feed Area 
Reagdnt Feed Arda cost (including receiving, 
storink, and slakifi'k) - addition of a linear 
compbnent based ; i n  the design lime addition 
rate (lp/h) and a pciwer law  comdonent  based 
on fresh lime slu& feed rate (gpm). The 
lime addition ratelhas determineb by the 
uncodtrolled SO2 Iklmission ~ #I,, rate  &d the coal 
sulfur' content. Fzesh lime slurry~ifeed rate 
was, calculated fo&he lime addidon rate at 30 
perce$t solids, l.$pecific gravidi, and 90 
perceht lime purity: Ii ~i 

The qeagent Feed1,Area cost (BMF) was 
~I 

estimated based oh the lime feedlrate. Lime 
purity has been figed at 90 percent CaO, 
whiclj was used ag'the default cobposition in 
CUEeost.  The cost estimate was  then 
calcui,ated for the hoal sulfur conlent, which 

as ~$i r~~$sl  , f f i& r&&@$f~~~"jfixed $glues, are 

I O!,: ' ' 

In 

1 ' ,  

1 1  

I. 1 

I / *  I 
I . .  



. 

Table 6-7. Sensitivity  Analysis of LSD Annual  Operating  Cost  (baseline  value of 10.02 milIs/kWh) 

Variable,  units  Baseline  Variable's  Variable's  Cost for Cost for Low  High  Value  Low  Value 

of Variable,  Variable, % % 
High  Value  Low  Value  High  Value  Value  of  Difference,a  Difference, 

rnills/kWh  rnills/kWh 

Capacity, MW, 
Heat  Rate, 
Btu/kWh 

Coal  Sulfur 
Content, % 

Coal  Heating 
Value,  Btu/lb 

Air Heater 
Outlet, OF 

SOz Removal, 
% 

Adiabatic 
Saturation 
Temp, OF 

Approach  to 
Saturation, O F  

Recycle  Slurry 
Solids, % 

# of Absorbers 

Absorber 
Material 

500 

10,500 

1.5 

1 1,922 

300 

90 

127 

20 

35 

2 

RLCS 

2000 

1  1,000 

2.00 

14,000 

360 

95 

145 

50 

50 

3 

Alloy 

100 

8,000 

1 .oo 

10,500 

280 

85 

110 

10 

10 

N E '  

N/T 

4.76 

10.29 

11.16 

9.14 

10.10 

10.16 

10.04 

10.05 

10.01 

10.57 

10.69 

18.77 

8.58 

8.86 

10.78 

9.99 

9.88 

10.00 

10.01 

10.10 

N/T 

N/T 

52.5 

2.7 

11.4 

-8.8 

0.8 

1.4 

0.2 

0.3 

-0.1 

5.5 

6.7 

87.3 

-14.4 

-1  1.6 

7.6 

-0.3 

-1.4- 

-0.2 

-0.1 

0.8 

N/T 

N/T 

"(Cost for High Value of Variable - 10.02) I 10.02. 100% 

b(Cost for Low Value of Variable - 10.02) / 10.02. 100% 

W/T = not tested 
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Table 6-8. Representative Values for LSD Variables with Minor Cost Impacts 

Variable Units Value Comments 

, Coal Heating Value' ' :, BtdIb ', 11,990 I I '  Baseline 11,922 

Lime Puky % %a0 90.0 

SO* ~ o n t r o ~  Efficiency ' , '  % 90.0 

Ambient ,Pressure in. Hg 29:4 

Air Heater Outlet Temperature 

Moisture in  the Flue- Gas % 6.0 Before control device 

. ,  

I ,  

, ,  , '  

1 ,  

O F  300 

14.0 After cqntrol device 

Approach to Saturation O F  20 

Adiabatic Saturation Temperature "F 127 

Recycle Slurry Solids % 35 

determined the stoichiometric ratio (1.75 
taken for 3.43 percent S coal), and by the 
maximum feed rate to the FGD system. As 
described earlier, the heating value was fixed 
at 11,900 Btu/lb in this model. The SO2 flow 
rate can  be estimated based on the coal sulfur 
content, unit capacity [h4We], and heat rate 
[Btu/kWh] as follows: 

where Wt%S is coal sulfur content (wt%) 
MN, is LSD size, HR is plant heat rate 
(Btu/kWh), and HHV is coal heating value 
(Btdlb). 

Once ttie SO2 flow rate is known, the Reagent 
Feed Area cost (BMF)' may be estimated as 
follows: 

BM, = 170023 % +3764611) ( 1000 

+ (72338 GPM0.3195) (6 - 37) 

66 

where F R L  is the reagent feed rate: 

*1.75*-*- 56 1-0.9 
64 0.9 

and GPM is slurry flow rate: 

74  74  4-0.3 ~ 

56 56 0.3 
FRL*".+FRL*-*- 

8 . 3 4 * ( 3  

(6 - 38) 

(6 - 39) 

so7- 
SO, Removal  Area cost (including spray 
dryers, tanks, and pumps) - third order 
polynomial  based  on coal sulfur content. 

- Cost of spray dryers - second order 
polynomial based  on  actual  gas  flow 
rate entering each absorber [cfm] 
multiplied by the number of 
absorbers. Absorber size was limited 
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in' CUECost to treat a,maximum of 
300 MW,; larger units require 
multiple equal size absorbers. 

The SO;! Removal Area cost (BMR) required 
estimation of flue gas flows and selection of 
absorber materials. Gas flow  was calculated 
in a manner similar to that  used for LSFO 
calculations, to yield the flow as  shown 
below: 

1000 9780 (460+  295) 100 
lo6 60 528 - (100- 6 )  

ACFM =-o-o 

* M W e o H R ' ( p  0.04 +-• 0.209 ( P  -0.04) 
P (0.209 - P )  

(6 - 40) 

The pressure at the absorber inlet was fixed at 
12 in. H20 vacuum (the CUECost default). 
Ambient pressure was fixed at the CUECost 
default of 29.4 in. Hg. Oxygen  at 9.0 percent 
was assumed throughout the LSD. The 
moisture fraction was assumed to be 6 
.percent at the spray dryer inlet. 
The above assumptions allowed for the 
estimation of the SO2 Removal  Area cost 
(BMR), as shown below. 

EM R = BARE  MODULE, + SPRAY DRYERS (6 - 41) 

For the SO2 Removal System with RLCS 
construction, the cost of spray dryers 
(SPRAY DRYERS1) was calculated as: 

SPRAY DRYERS1 =, 

[- 3.57 ( N ,  1000 1 + 9246 0 ( ) + 7'91896) 0 N ,  
N ,  1000 

(6  - 42) 

For the SO2 Removal System with  alloy 
construction, the cost of spray dryers 
(SPRAY DRYERS2) was  calculated  as: 

SPRAY DRYERS2 = 

[ - 4.85 0 ( j' + 12538. ( ) + 1080990)* N ,  
, N ,  0 1000 N ,  0 1000 

where N, is the number of absorbers. 

Auxiliary cost (BARE MODULER) was 
calculated as: ~ 

[ 
BARE MODULE, = 

581877809*Wt%S3  -3653117.Wt%S2 
+ 693335 0 Wt%S + 214198 

+ 67742 1 0 Wt%S-0.0966 

(6 - 43) 

(6 - 44) 

Flue Gas Handling Area 
Flue Gas Handling Area cost (including 
ductwork  and fans) - linear addition of power 
laws  based  on the actual flue gas  flow rate 
entering the absorber, exiting the absorber, 
exiting the particulate control device,  and 
exiting the ID fans. 

- Cost of ID fans - power law  based  on 
the flue gas flow rate [cfm] handled 
by each fan multiplied by the number 
of fans required. The number of fans 
required was determined by the total 
gas  flow rate and the maximum gas 
flow rate per fan (1,600,000 cfm). 

The Flue Gas Handling Area cost (BMG) was 
estimated based  on flue gas flow rates at 
multiple locations: entering the absorber, 
exiting the absorber, exiting the particulate 
control device, and exiting the ID fans. The 
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flue gas exiting the  absorber  was  assumed to 
be at  17 in. Hz0 vacuum  and  147 O F ,  

consistent,  with a 20 OF ,approach to 
saturation.  Flue  gas exiting the  particulate 
controI'ldei+e  was  assumed to#@e pt 23, in: 
Hz0 vacuum I , , ,  and  147 O F , .  f;lue,ga& ,,, , 1, , t( , , , exiting  the 
fan,+  'was"&$&& to be at, l " ; i ~ ; ~ ~ ~ 2 ~ , , g a u g e  

, , ,  posffiv&&ssu~e ,and  at 152 O F > ,  $'he 
CUECost  mpdel,  adjusts flue gas  flow rates to 
account for water  evaporation apd acid gas 
removal. For flue gas  flow  estimating 
purposes, all.mflue  gas,floicys after  the  absorber 
inlet  had a witer content of 14 Ijercent. 

The Flue  Gas  Handling k e a  cost'included 
the cost of ID fans. It was  estimated  using 
the flue gas  flow  rate  exiting  the  particulate 
control  ,devi,ce  and  the  number ~f fans 
required. CbECost deteriqinesithe  number of 
fans  through a sefies~of logical  bomp:arisons 
based  on  maximum  individual  fan  capacity  at 
the  specified  pressure change across the fan. 
The  pressure  differential  across  the fans was 
fixed at  24  in. HzO: I i  

Based  on  the assumptions presented  above, 
the Flue Gas Handling Area cost (BMG)  was 
estimated  as  follows: ' 8  

81 
. ,  

', ,. 
, , I  1 , T  

', /I 

, ,  - .  ? i  

B M ,  = BARE MODULE, + ID FANS ~ (6-45) 

The area's  auxiliary cost (BARE  MODULEG) 
was estimated 8 .  by  the following equation: 

I 

where  ACFM1,  ACFM2,  and  ACFM3  are 
flue  gas ,flow, rates  at  the exit from the 
absorber, particulate'control device,  and ID 
fans,  respectively. N, is the number'of 
absorbers. ' , 1 ,  , 
i ' ,  , ~ > , , , ' , , t > ! ; , l , & '  , ; ,  " ,, 1 ' 'Y I ', 

,, , , i.; < ,  
, - ,  

where Nf is the  number of fans. 

Wastemy-product Handling  Area 
Wastemy-product  Handling  Area  .cost 
(including  disposal  and  storage) - second 
order  polynomial  based on coal  sulfur  content 
(Wt%S). 

, 8  

Waste  Handling  Area cost (BMw)  was 
estimated  as a fonction of coal sulfur  content. 
Waste included fly ash  and  was  presumed  to 
be  sent to a landfill. BMw was  estimated  as 
follows: 

BM, = 2051841884*Wt%S2  -1443163 
Wt%S + 1026479 (6 - 48) 

Support  Equipment  Area 
Support  Equipment  Area  cost  (including 
electrical, water,  and  air) - second  order 
polynomial  based on the  unit  capacity 
( " w e ) .  

- Cost of chimney - power  law  based on 
I. the flue gas  flow  rate (ACFM3) 
exiting the ID fans. 

The Support  Equipment  Area cost (BME) 
included  the  chimney  without  reheat. The 
chimney  cost (CHTMNEY) was based'on the 
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flue gas flow rate and  was estimated as 
follows: 

CHIMNEY = 238370 ACFM3°.3908 (6 - 49) 

Support Equipment Area cost @ME) was 
calculated as: 

BM, = -1.21 10  MW: + 2704.2 MW, 
+ 13547 16.2 + CHIMNEY (6 - 50) 

Adding the BM cost components for the five 
major areas yields  an estimate for installed 
capital cost. 

Total Capital Requirement 
Once the BM cost had been determined, it ( 

was possible to calculate LSD TCR. Total 
Plant Cost (TPC) was calculated in the same 
manner as explained before for LSFO in 
equation (6-24). 

Next, TPC was adjusted for financial factors 
dependent on the time required to complete 
the project. 

As explained before for LSFO, the 
adjustment results in Total Plant Investment 
(TPI) as described before in equation (6-25). 

Since it is usually preferable to assume 
constant dollars in regulatory applications, a 
constant dollar analysis was done as 
explained before in the LSFO section. 

Current dollar factors were used for 
validation, assuming that the published cost 
for TCR was in current dollars. Constant 
dollar factors were used in the subsequent 
model development. 

TCR was determined by adding pre- 
production cost and inventory capital to TPI. 

CUECost estimates pre-production  cost  at 2 
percent of TPI plus one-twelfth of the 
projected annual O&M (fixed plus  variable 
adjusted for capacity factor) cost. Similar to 
considerations for LSFO, a 60 day lime 
inventory  was incorporated' in .the  model. 
The default cost of lime used here was ' ,  

$50/ton. Substituting the default factors in 
TPI and the default cost of lime yields  TCR 
as described before by equation (6-26). 

The CUECost-determined TCR for baseline 
conditions  shown  in Table 6-8 and for minor 
effect  variables fixed assmshown  in Table 6-9 
was  equal to $159/kW. ,However, when the 
minor effect variables were,set to yield the 
highest cost, the resulting value of TCRwas 
$165/kW. Therefore, TeR was multiplied by 
the adjustment factor of'l.038 (165/'159) to 
yield the Adjusted  TCRl 

Operation and Maintenance Cost 
The O&M cost was calculated next. The 
O&M cost includes fixed and variable 
components. The fixed O&M cost 
incorporates: 

0 operating labor 
0 maintenance labor and materials 
0 administration and support labor 

The variable O&M cost is composed of 

0 reagent 
disposal 

0 fresh  water 
energy 

Fixed  O&M cost components were estimated 
as follows. Operating labor (OL)  was 
estimated by the equation below, using a 
power  law  on  unit capacity and estimating 
number of workers needed in  combination 
with  an operating labor rate ($30/hr): 
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OL = 18.25 - 2.278 MW, In(MWL). 30 40 .,52 (6 - 1) 
, ,  100 ',I ' 

A Ce S = 0.3 * (0.4 h$L & M.i",OL). 
-1 , ; 

Variable O&M cost components were 
estimated as a sum of lime, disposal, fresh 
water,\and e"rgy costs. The  cost.of lime 
 unit^ pride of,lime.at $65/ton) was: 

I "' I 

C,,, = 8760 CF 65 
2000 

where CF is capacity factor. 

The cost of disposal ($30/ton) is: 

8760 
2000 

C, =-.CF*30 

129 
+MW,.1000.0.1.- 

HHV 

(6 - 52) 

(6 - 53) 

(6 - 54) 

The cost of energy (energy consumption for 
LSD estimated at 0.7 percent) was estimated- 
using the default CUECost energy price of 25 
mills/kWh): . ,rm 

3 

As an annual expense, the components of 
variable O&M cost were adjusted for  the 
capacity factor of the unit. 

Validation 
The 1995.EIA-767 browser database2' on 
LSD systems installed in the 1980's has  been 
used for validation. Six LSD systems were 
found in this database with adequate data to 
perform  validation. However, costs provided 
for Stanton 1, East Bend 2, and Craig 3 units 
appeared unreasonably'iow for a FGD system 
of this type and were not considered during 
validation. 

Due to the vintage of these LSD system costs, 
it was presumed in modeling that they were 
built  with  RLCS absorbers. Sincerspray 
dryers typically operate between 20 and 30 OF 
above the dewpoint, no reheat was assumed 
in these designs. Table 6-9 presents 
validation data for the  LSD model. The 
results of validation are also shown  in 

Table 6-9. Validation of LSD Model 

Plant/Unit  Unit  Capacity,  Coal S, wt % Number of Reported  Cost,  Model  Cost,  Deviatioma % 
absorbers  $/kW $/kW 

H.L. SpurlocW2 5Q8 3.6 4 189 222  17.5 

WyodaWl 362 0.8 3 172 203  18.0 

North Valmy12 267 0.5 3 23 1 205  -11.3 
"Deviation = (Model - Reported) I Reported 100% 
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Figure 6-7. These results reflect that the 
simplified LSD  cost  model  on average 
predicts the published  capital cost within  15.6 
percent. 

State-of-the-art Model 
The algorithms  developed thus far 
incorporated a variety of adjustments to 
CUECost  algorithms  to eliminate variables 
that did  not  have a significant impact on cost. 
At this point, however, it is helpful to specify 
a “state-of-the-art” LSD system by  which to 
measure the cost of possible future retrofits. 
It is recognized that alternate design decisions 
may be made in the interest of reducing cost 
based on site specific conditions, or other 
engineering advances;resulting in cost 
savings not  reflected dthenvise. 

The model  (LSD SUSCM) assumes use of the 
minimum  number of absorbers possible based 
on the maximum size constraint of 275 

The “state-of-the-art” LSD used  in 
the LSD SUSCM incorporates a RLCS 
absorber c’onstruction,:  and a 30 day reagent 

inventory.  “State-of-the-art” LSD design 
decisions are  shown  in Table 6-10. 

Combining the equations  developed  before 
with these “state-of-the-art” design  decisions 
yields a LSD SUSCM-derived estimate of the 
TCR for a “state-of-the-art” FGD unit.  TCR 
predictions using  LSD SUSCM are  shown  in 
Figure 6-8. 

As described earlier in this chapter, fixed 
O&M cost is a function of the installed BM 
cost and the unit  capacity (MW,). The LSD 
SUSCM prediction of fixed  O&M cost for a 
unit  with a heat  rate of 10,500 Btu/kWh is 
shown  in Figure 6-9. 

The LSD SUSCM prediction of variable 
O&M cost for a unit  with a 10,500  Btu/kWh 
heat rate and 90 percent capacity factor is 
shown in Figure 6-10.  Variable  O&M costs 
on a mills/kWh basis  are  constant  across the 
unit capacity range and increase with  fuel 
sulfur content. 
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Figure 6-7. Validation of LSD cost model. 



* 

Parameter Units Value 

Single Absorber Size 

O2 in Stack 

Material of Construction 

SO2 Removal 

MWe 275 

% 8 

""- mesa 

% 90 

Stoichiometry 

Flue Gas Temperature 

Lime Inventory 

Lime Purity 

Lime Cost 

Waste Disposal Cost 

OF 

days 

% 

$/ton 

$/ton 

1.4 for 2% S Coal 

300 

30 

94 

"RLCS = Rubber-lined Carbon Steel 

50 

12 
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Figure 6-8. LSD TCR predictions by LSD  SUSCM. 
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Figure 6-9. LSD fixed O&M predictions by LSD SUSCM. 
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Magnesium-enhanced  Lime 

General Approach 
The approach  taken  was to estimate the 
Magnesium-enhanced Lime (MEL)  system 

~ cost, both capital and O&M, based on the 
estimation methods previously  described for 
LSFO and LSD. As described earlier, for 
costing purposes, MEL can be considered to 
be a combination'sof LSFO and  LSD. The 
MEL cost vvas'based on a retrofit  presenting a 
medium' difficulty. The derived algorithm 
was then further simplified by *making  state- 
of-the-art  design decisions, to build 'a cost 
model.' TCR wasi,,estimated in the same 
manner as previously described for LSFO  and 
LSD. 

Capital Cost 
The 3 M  was calculated for each  of five major 
equipment areas, as described before for 
LSFO (Reagent Feed, SO2 Removal, Flue 
Gas Handling, Waste Handling, and Support 
Equipment). Each major equipment area  may 
have extraordinary items estimated apart from 
the rest of the equipment system. The 
estimation methods used for the five major 
equipment areas were as described below. 

The Reagent Feed, SO2 Removal, and Waste 
Handling Area cost estimates were  explicitIy 
determined by the SO;! feed rate to the FGD 
system. This estimate is determined in 
CUECost by the coal sulfur content and  coal 
use rate with no provision for sulfur retention 
in the ash. The higher heating value (HHV) 
of the coal was fixed at 11,900 Btu/lb. SO2 
feed rate to the FGD system was estimated as 
given before in equation (6-1). 

Adding the BM cost components from the 
five major systems yields an estimate for the 
MEL installed capital cost. 

Reagent Feed Area 
The Reagent  Feed  Area (BMF) cost 
(including receiving, storage, and slaking of 
magnesium  enhanced lime) was estimated 
using the same methodology as the one  used 
before for the  LSD reagent feed area. The 
reagent feed ratio remained constant with , 

respect to deal sulfur content. 

The BMF was,estimated based on lime feed 
rate. Lime p '  urity has been fixed in this 
model 'at 94 percent CaO. Lime addition rate 
was fixed in this model at a 1'.00 reagent  feed 
ratio, These parameters'alloped the  BMF 
cost to be kstimated'  as follows: 

, I  
8 '  

B M ,  = 

170023 + 376461  1 + 72338 FGpM 0.3195 
1000 

(6 - 56) 

where FRL is reagent feed rate (lb/hr) and 
FGPM is slurry  fl.ow rate (gpm). 

So:, Removal Area, 
The SO2 Removal  Area (BMR) cost 
(including absorber and spray pumps) of the 
MEL system is expected to require nominally 
the same size and number of tanks as the 
LSFO. This system's cost was estimated as a 
third order polynomial  on SO2 rate to the 
scrubber. The costlcomponents were 
calculated as follo\lls: 

- Cost of absorber - Estimated at 90 
percent of,the cost of LSFO  absorbers 
to approximate the  reduction in  height 
and  eliminhtion of spray headers for 
the MJ3L sysFem. The cost estimate 
was based:on a power  law with'the 
absorber ihlet flow 'rate  to each 
absorier multiplied by the number  of 
absorbers., Separate power laws  were 
used depending on, the absorber 
construction materials. Maximum 

i 
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The moisture was assumed to be 610 percent 
at the absorber inlet. 

ACFM 0.5638 

230064 0.9 (-) N ,  
1000 

(6 - 58)  

where ACFM is flue gas flow  at the absorber 
inlet,in cfm and N, is the number of 
absorbers. 

For SO;! Removal Area  with  RLCS 
absorber constrixtion: 

ABSORBER 1 = 

173978 0.9 ( x r 5 5 7 5  ACFM N ,  (6 "59) 
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The cost of pumps (PUMPS) was  calculated 
as follows: 

0.5954 

PUMPS = 910.85 .(%I N ,  (6 - 60) 

where F G ~ M  is slurry flow rate in  gpm and N, 
is  the.number of pumps. . 

The area auxiliary cost was estimated as 
follows: 

BARE MODULE, = 
2 

/0.8701 (ZJ - 188.2 (Z) 
0.825 

(,,4809O(XFiT) FRso2 + 1905302 

(6- 61) 

Hue Gas Handling Area 
The Flue Gas Handling Area (BMG) cost 
(including ID fans) - MEL was assumed to 
have the same flue gas handling requirements 
as LSFO. Therefore, cost was estimated with 
the same methodology (a  polynomial  on  gas 
flow rate entering absorbers, exiting 
absorbers, and the number of absorbers). 

The BMG cost was based on the number of 
absorbers, flow entering absorbers (ACFM), 
and flow exiting absorbers (ACFMl). 
Pressure of the gas exiting the absorbers was 
fixed at 4 in.-H20 gauge. The temperature of 
the gas--exiting the absorbers was fixed at 127 
OF, the CUECost default wet bulb 
temperature. Flue gas moisture content was 
approximated at 14 percent at the absorber 
outlet and through the remainder of the FGD 
system. 

The cost of the fans was estimated by a power 
law  based  on the number of fans required  and 
the flue gas  flow rate. Fans were  assumed to 
be installed in  groups of 2,4, or 8 with a 
maximum fan capacity of 1,600,000 cfm. 
The number of fans was based  on  conditional 
tests of the smallest number option (2,4, or 8) 
resulting in an individual fan capacity of less 
than 1~,600,000 cfm.  Inlet  pressuretfor sizing 
fans was fixed in the model at 12 in.',HzO 
vacuum. Temperature at the.fan 'inlet was 
fixed in the model at 295 OF, 

By fixing these design criteria, the BMG  cost 
was estimated as follows: 

EM, = BARE MODULE, + ID FANS 

where area auxiliary cost (BARE 
MODULEG ) was: 

BARE MODULE, = 

ACFM 

+ 238203 - 0.2009 ( 7 + 1266.4 
1000 N ,  

3 

+420141+0.000012~ 

ACFM 

+ 559693 

and cost of fans (FANS) was: 

0.6842 

FANS = 91.24 [ 7) ACFM N f  * 

where Nf is the number of fans. 

(6 - 62) 

(6 - 63) 

(6 - 64) 
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Wastemy-product Handling Area cost (BMw) 
was fixed by the disposal  option  chosen  and 
by the  amount of sludge to be  disposed  of. 
For MEL under  natural  oxidation,  landfill 
disposal  is the method  used by most 
installations. This procedure  requires similar 
equipment as LSFO for landfill  disposal  but 
is sized  differently to account for the more 
difficult dewatering  characteristics of the 
MEL waste. The LSFO Waste Handling 
Area, excluding the  thickener,  was  presumed 
to be dominated by filter cost. This model 

assumed 20-percent higher  cost  based on the 
SO2 flow rate  compared to LSFO  system. 

The thickener  cost  was  estimated  for  LSFO  as 
a linear function*of dry  w,aste disposal'rates. 
This is consistent witfi basingl cost on 'the 
surface  system 'of the thidkener. MEL wastes 
from a natural  oxidation  process  require 
significantly ,ihore, ~9uriaces.sg.steq  pkrlpound 
of waste  than gypsurr;ll,'liwastes,Idu~i tal slower 
settling  rates. 'Magnesium salts ire expected 
to remain  in  solution,';:arid ,do,not affect 
settling  rates. Theandunt of particulate 
waste  was  based on inlet SO2  flow rate, 
removal efficiency (fixed at7,95 percent), a 
reagent  feed ratio of 1.05  based on CaO,  and 
an estimated 5 percent inerts 'in  the  lime.  For 
waste  handling cost estimation  purposes,  all 
SO2 removed  was 'asumed 8 8  tq , precipitate  as 
calcium  sulfite  hemihydrate. 

In addition to the  waste  handling  equipment 
estimated by CUECost for UFO,  lime  and 
flyash  bins  and a pugmill q e  required. The 
total  cost of this equipment  ,was  estimated at 
10 percent of the waste handling  system cost, 
including  the  thickener. 

BMw cost  was  estimated as, follows: 

BM, = 

BARE MODULE,  + THICKENER + D & P . (6 - 65 

where: 

BARE  MODULE, = 

0.325. (Zq - -168.77. . (z;J - 

+29091* ' [ - 2; ] + 773243 
1 .  1.25 (6 - 66) 

J 
and 
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c 

"I , , I 

THICKENER = . L  

901 8.7 FRSO, 0.95 172 + 114562 (6 - 67) 
64.2000 

Bin  and  pugmill  cost @&PI was 10 percent 
of Waste  Handling  Area. 

Support  Equipment  Area 
Support  Equipment  Area  @ME)  cost, 
including  the  chimney,  was  estimated  with  a 
third  order  polynomial.  The  cost of the 
chimney was estimated  based  on  total gas 
flow  exiting  each  absorber. 

Support  Equipment  Area  cost @ME) was 
-estimated as follows: 

BM, = BARE MODULE + CHIMNEY (6 - 68) 

where: 

'BARE MODULE = 

0.825 O.OOO3 MW: - 1.0667 MW, 
+ 1993.8 MW, + 1177674 

(6 - 69) 

The chimney  cost was estimated  with a power 
law  based  on flow rate per absorber in the 
same  manner as for UFO.  Temperature  at 
the  chimney  inlet  was  fixed  in the model  at 
127 O F ,  while  the  pressure  was  fixed  at 4 in. 
3 3 2 0  gauge: 

CHIMNEY = 23370. ACFM1°.3w8 (6 - 70) 

Total Capital Reqyirement 
Once  the  BM  cost  was  determined,  it was 
possible to calculate  TCR.  First,  Total  Plant 
Cost (TPC) was  estimated  in  the  same 
manner as previously  described for UFO and 
LSD in  equation (6-24). 

Next,  TPC was adjusted  for  financial  factors 
depending on the  time  required to complete 
the  project.  Applying  the  TCE  and F'DC 
factors  appropriate to the  unit size (as 
explained  previously)  results  in  Total  Plant 
Investment  (TPI) as shown  before. 

In  regulatory  applications, it is usually 
preferable to assume  constant  dollars; e&, no 
inflation.  Therefore,  constant  dollars  were 
used  in  the  subsequent  model  development. 

Finally,  the  Total  Capital  Requirement  (TCR) 
was determined in the  manner  described 
earlier in  this  chapter for UFO. The  cost of 
lime of $50/ton  was This lime 
typically  contains 5 percent MgO. 
Substituting  the  default  factors ,in TPI and  the 
default  cost of lime yielded  a TCR prediction. 

Operation and Maintenance Cost 
O&M  cost  was  calculated  next. O&M cost 
includes  fixed  and  variable  components. 
Fixed O&M cost  incorporates: 

0 operating  labor 
0 maintenance  labor  and  materials 
0 administration  and  support  labor 

Variable  O&M cost is  composed of 

0 reagent 
0 disposal(by-product  credit  given) 
0 energy 

Fixed O&M cost  components  were  estimated 
as  follows.  Operating  labor (OL) cost was 
estimated by the  equation  below,  using  a 
power  law  on  unit  capacity  and  estimating  the 
number of workers  needed  in  combination 
with  an  operating  labor  rate ($30/hr): 

OL = 41.69M1.MWe -0.322301 m e  

100.30.40.52 
(6-71) 
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Maintenance labor. and  materials (ML&M) 
cost  was  determined  as a percentage (3 
perkent)"of  BM  cost.  Administration  and 
support (AM) 'labor was  estimated from 
da$Qt&ance', iabor 8 ,  and:~niAtef$ills.  and 

below : 

A&S =0.3m(O.4.~&M+OL)'  (6 - 72)  

The Vafiable O&M cost  component  was 
estimated as the sum of lime, disposal, and 
energy  'costs.! 'The cost of lime (unit  price of 
lime at '$50/ton)'was: 

ope&g  '$+&&s:,,give&Y  tH&pebpation . I  " 
, ,  

'i; t 
1 , ; i  , 

8 ,  , , : ,  7 ,  

I '  , 

ccoo ='.= 'FRL .8760*CFw5,0 (6 - 73) 

where CF is the  capacity  factor. 

The cost of disposal if gypsum stacking 
method  is  selected  ($6/ton)  was: 

I 
C,, = 6 8760 CF FRSO, 0.95 I29 

64 2000 
(6 - 74) 

The cost of disposal for landfill  ($30/ton) 
was: 

(6 - 75)  

The cost of energy  (energy  consumption for 
MEL estimated at 1.05 percent)  was 
estimated using the  default  CUECost  energy 
price of 25 mills/kWh): 

.. 

PD WER = 0.0 105 
(1000 MW, 0.8231) 

1000 
8760. CF 0 25 (6 - 76) 

As  an  annual expense, the  components of the 
variable  O&M  cost  were  adjusted for the 
capacity factor of the  unit(s). ' . 
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State-of-the-art Model 
At this point, it is  helpful to specify a "state- 
of-the-art" ,MEL system by  which to measure 
the  cost of jjossible future retrofits.  Alternate 
design  decisions may'be, made  in  the  interest 
o~.r~ducin'g"~~o'st:'bas~d t . ~  site  specific : 
condirtions' or other ,e&$neeqlng iqvances 
resulting in,cost Saviligs  nck rpflected in this 
model. . ' ' , , ,  '~ , 

MEL 'SUSCM mil1 assuhe  use'of'tfie 
a ,  , i 1 , l i '  , ! , , : , : ! ,  !: ;+ , 

minimum number:of;absorbers' possible, 
based on the aaximuq size,,constraint of 275 
MW,. The "state-oMh&rt")i &L s;crybber 
used  in  this  model  inkoqioratbs ELCS or 
alloy  absorber  construction 8a;nd salable 

',;I , , ,  I 

/ ' '  !,,? I , , , a , ,  /I, , , , , , , I t ,  ' ' 1  1- ,,,, '1'' ' 1, , , ' ~ ,  
. ,, ' 

, 1 , ' I 1  ' 

gypsum. "Stat&of-$h!?$?' ImL 'design 
decisions  are  shown in Ta&!6-k1:'i 

, I 1'  '$ !I' ' I ,  , ,  

, , ' k , * " ' ' ! ' '  1 8 '  

Combining  the  equations  developed  earlier 
with  these  "state-of-the-art"  design  decisions 
yields a model  description of a "state-of-the- 
art" MEL FGD system. 

*, ,, I. , , 

MEL SUSCM  TCR  predictions for MEL are 
shown  in  Figure 6-1 1 for 2,3,  and 4 percent S 
coals. These predictions  are  based on  units 
with a heat  rate of 10,500 Btu/kWh  and a 
capacity factor of 90 percent: MEL SUSCM 
predictions  reflect  that  capital  cost is .not 
sensitive to cod su1fyr:;content. 



Table 6-11. “State-of-the-art” MEL Design  Decisions 

Parameter Units  Value 

Single Absorber Size m e  275 

O2 in Stack % 8 

Material of Construction ”” Average of RLSC  and alloy 

SO2 Removal 

L/G 

Inventory for Lime 

Lime  Purity  (CaO) 

Sorbent  Cost 

Waste  Disposal 

Power  Requirements 

MELnSFO Capital Cost Ratio 

ID Fans  Cost 

98 

40 

30 

94 

50 

wallboard 

1.05 

0.80-0.85 

2/3 of ,LSFO ID Fans  Cost 
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The fixed O&M cost prediction is shown in 
Figure 6-12. These costs are  based  on  capital 
cost and, therefore, reflect the same trends as 
capital costs. ' "." 

Variable O&M cost predictions by MEL 
SUSCM are shown in Figure 6-13. Variable 
O&M cost on a m$lls/kWh  basis is constant 
across the unit capacity range and increases 
with fuel sulfur cdntent. 

. I  
8 ,  b 

Summary of FGD Cost 
The comparison of capital  and  O&M costs for 
three technologies considered here is shown 
in Table 6-12.  Ranges of costs are  given  in 

1998 constant dollars for a 100 to 1000 MW, 
unit. As can be seen  in Table 6-12,  capital 
cost for LSFO  used on a small  unit (100 
W e )  isconsiderably higher than  capital  cost 

large unit  (1000 We),),$apital cost is 
comparable ,for LSFd i n 8  for "EL. ' 

' , , , ' ,  , ll ,;,,I , , ,  , ,  # 

Fixed O&M cost is similar for LSFO  and 
MEL over the entire: unit size: range 
considered.  However;vari$$e O&M cost is 
lower for LSFO than forM&, largely due  to 
the difference in the sorbent cost ($15/ton for 
LSFO versus $50/ton for d L ) .  

of MEL use&'bi;i:  t&ys&e~;,&e ugi,t. For a 

, j '  ,,' 1 ,  

, '  

' I ,  
;, ' 

I , , ,  

Table 6-12. Cost  in  1998  Constant  Dollars for Selected FGD Technologies 

Technology Capacity Rangea Capital Cost, Fixed O&M, Variable O&M, 

MWe $lkW $kW-Yr mills/kWh 
LSFO~ 100 - 1000 542 - 195 18.- 7 1.80- 1.78 

LSD' , 100 - 1000 363 - 140  12 - 4 2.24 - 2.24 

MELd 100 - 1000  384 - 238 16-8 2.02 - 2.01 

a Unit has a heat  rate of 10,500 BtukWh and a capacity factor of90 percent. 
' 4.0 percent sulfur coal application, SO2 removal of 95 percent. 

2.0 percent sulfur coal application, SO2 removal of 90 percent. 
4.0 percent sulfur coal application, SO1  removal of 96 percent. 
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Figure 6-11. MEL TCR predictions by MEL SUSCM. 
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CHAPTER 7 

ADDITIONAL BENEFITS 

Introduction 
The  removal ofmercury from  flue  gas by' 
existing FGD processes  could be viewed aS 
an  added  benefit of controlling SO;? 
emissions.  Mercury  emissions  from  coal; 
fired  power  generation  sources are reported to 
be  almost 33 percent of the  total 
anthropogenic  emissions  in  the U.S. 69  in^. 
coal-fired  power  generation,  mercury is 
volatilized  and  converted to mercury  vapor 
@go)  in  the  high  temperature  regions of 
combustion  devices. Hgo is  transformed into 
oxidized  mercury (Hgf3 as the flue gas cbols. 
Therefore, the. species  predominantly  present 
in flue gas include  species of  elemental Hgo 
and Hg*. It  follows  that  control of both bf 
these  mercury  species is necessary to achieve 
total  mercury  emission  control. r! 

At present,  the  control  of  mercury  emissibns 
from  coal-fired  boilers is not  commercially 
practiced in the US. The combination of low 
mercury  concentration  and large flue  gas ' 
volumes  increases the difficulty  and  cost  'of 
controlling  mercury  emissions  from  coal- 
fired  utility  boilers  compared to controlling 
mercury  emissions  from  municipal  waste, 

'I 

l a  
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case,  modem,  state-of-the-art SO2 scrubbers, 
designed  primarily for high  efficiency  control 
of S02, could  provide an additional  benefit  by 
controlling PM2.5 precursors. 

this  study  were  obtained  during  routine  wet 
FGD operations  and no adjustments  were 
made to maximize  mercury  removal. 

89 
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a  scrubber configured as a  tray tower  and 
operated  at  an UG of approximately 70 
(gav1,OOQ ft ). 3 , 7 4  ' . , .  

, ,  . S I .  
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considered, at present, to be a niche 
9 application. 

In summary, the amount of mercury removed 
in an unmodified FGD  system.is believed to 
be a function of mercury speciation. Wet 
FGD systems may be able to remove 
approximately half  of the total mercury'from 
the flue gas, depending on ,the coal fired. 
Similarly, spray dryers have been found to be 
able to remove  between 6 and 96 percent of 
total mercury, depending OD the type of coal 
fired. Currently, bench- and pilot-scale 
reseatch is: underway to more fully 
understand mercury 'speciation  qnd develop 
enhanced FbD or stand-agone mercury 
control options. 
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